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Abstract 
Evidence of a large sex linked additive effect accounting for 25% (approximately 5g) 
of the divergence in weight between mouse lines selected for body weight has been 
described previously. A study was undertaken to map putative X-linked quantitative 
trait loci (QTL), with the objective of isolating the position(s) and number of QTL, 
and thereby provide information regarding the genetic mechanisms controlling growth 
and body weight. 
A preliminary experiment was carried out to map the QTL on the X-chromosome. An 
F2  generation was genotyped at 7 microsatellite loci found to be polymorphic in the 
selection lines. The results of single marker analysis showed significant linkage 
between X-linked markers and body weight, but DNA was not available for all 
individuals in the pedigree, so fully informative loci in the F 2 generation could not be 
determined. To enable analysis of fully informative marker loci, the F 2 experiment was 
repeated retaining DNA samples from all individuals within the pedigree. The F 2 
population was generated from a reciprocal F 1 population between an inbred low line 
(derived from the low selection line) and the high selection line. 
To enable statistical analysis of an F 2 population genotyped at markers on the X-
chromosome, an analytical technique was developed based on the multiple regression 
method of Haley and Knott. The validity of the analysis was tested using simulated 
data, and the method was developed further to enable analysis of non-inbred data. 
Using parental genotypes to determine fully informative marker loci in the F 2 
generation, the phenotypic and genotypic data were analysed using the X-linked 
multiple regression method for non-inbred data. The analysis of data on 10 week 
weight indicated a single QTL of large effect (± s.e.) situated at about 23 ± 2 cM from 
the proximal end of the chromosome, the likelihood curve showing a single well 
defined peak. The estimates for additive genotypic effects in males and females (half 
Xi  
the difference between the homozygote females and hemizygote males) were both 
approximately 2.6g (i.e. 17-20% of the total body weight in males and females at 10 
weeks). Dominance effects in the females were found not to be significant in the 
analysis. To evaluate the contribution of X-linked QTL affecting carcass fat 
percentage, estimates of this trait were analysed, but no significant QTL were 
detected. 
In addition to the F2 population, a progressive backcross experiment was established 
with the objective of backcrossing regions of the high selection line X-chromosome 
onto the inbred low line background. This experimental design allows specific regions 
of the X-chromosome to be examined on an inbred genetic background, thus 
removing the contribution of QTL on autosomes and other regions of the X-
chromosome and enabling the QTL position(s) and estimates to be resolved with 
greater accuracy. Data were collected over 5 generations of backcrossing. Estimation 
of the effects associated with the backcrossed X-chromosome regions in generations 
3-5 support the results of the F 2 population analysed by X-linked multiple regression 
analysis, indicating the QTL is associated with the same X-linked markers. The 
estimates of the total magnitude of the QTL effect at 10 weeks in the backcross 
population were approximately 4g in both sexes (approximately 18 to 19% of the 
total body weight). Analysis of the backcross population using Gibbs sampling 
provided convincing evidence that the X-linked QTL was situated in the marker 
interval from approximately 20cM to 34cM, with the estimated position (± s.e.) of 
25.4 ± 2.8cM, and no evidence for QTL elsewhere on the chromosome. 
Analysis of the F 2 population by X-linked multiple regression analysis and the 
progressive backcross population by Gibbs sampling enable us to conclude the 
presence of a major QTL for body weight positioned at 26.4± 1.2cM on the X-
chromosome, which increases body weight by approximately 18% at 10 weeks. The 





Most economic traits in animal production are of a quantitative nature. Selection for 
these traits, bringing about animal improvement, has been performed effectively for 
many years with little knowledge of individual gene actions and interactions which 
contribute to the phenotypic variation. The approach utilising quantitative genetic 
variation has been effective as a result of the relative insensitivity of the methodology 
used to failures in simple models, such as the infinitesimal model of many loci of small 
effect. However, identification of individual quantitative trait loci (QTL) will provide 
the potential for improvements in the methodologies used in animal breeding. 
The discovery of an abundance of molecular genetic markers, for example restriction 
fragment length polymorphisms and simple sequence length repeats or microsatellites, 
has provided the opportunity to resolve quantitative genetic variation into individual 
loci. The basic methodology for detection of QTL is the identification of statistical 
associations between phenotypic trait values and marker genotypes in a segregating 
population, such as an F 2 or backcross population derived from two inbred lines or 
strains differing substantially for the trait under investigation. Mapping QTL will 
allow new understanding of the number and effects of genes influencing complex 
traits. It will eventually provide fundamental knowledge of individual gene actions and 
interactions of QTL, and this will allow a more realistic model of phenotypic variation 
to be established, resulting in the development of more effective methods for 
prediction of breeding values and selection procedures. Identification of QTL linked 
to markers may provide the possibility of utilising marker assisted selection (MAS), 
where selection can be carried out directly on QTL (via linkage to markers) to bring 
about breed improvement. MAS will be of particular importance in traits that are 
expensive to measure, expressed late in development, or not expressed in the sex 
under selection (e.g. milk traits in dairy cattle). In addition, it may be possible to use 
markers to introgress genes of economic importance from one breed to another (e.g. 
fecundity genes from the Chinese Meishan to Large White or Landrace pigs). The 
ultimate goal for QTL mapping is the possibility of positional cloning of genes, which 
will allow the molecular causes of genetic variation to be investigated and may 
ultimately enable improved alleles to be produced by direct molecular intervention. 
Unfortunately many of these techniques are not economically viable in many 
commercial species, as a result of high costs to establish and maintain experimental 
populations. However, laboratory species, particularly mice, provide excellent models 
to investigate the genetic factors influencing quantitative variation. 
As outlined above, mapping QTL has greater significance than simply to increase the 
basic knowledge of number, location and effects of genes associated with quantitative 
variation. In addition to the benefits to animal breeders there may also be substantial 
benefits to genetic research in humans. Investigation of quantitative traits such as 
obesity, growth and reproductive performance is difficult in humans, so the use of 
well-defined animal models and comparative gene mapping may indicate possible 
chromosomal regions of human disease loci in the human genome. 
Evidence of a large additive X-linked effect which accounted for approximately 25% 
of the total divergence has been observed in lines of mice lines divergently selected on 
body weight. The purpose of this study was to map QTL influencing body weight on 
the X-chromosome in these mouse lines. A review of literature will be given to show 
an overview of the methodology available for QTL mapping, a brief description of the 
mouse lines used in the study, and finally a short review of the X-chromosome. 
Following this, the three experiments carried out to map X-linked QTL will be 
described; a preliminary F 2 population, followed by an F2 population set up with the 
objective of mapping X-linked QTL, and finally a progressive backcross population. 
In addition to describing the experiments, analytical procedures adapted for the 
analysis of X-linked data will also be shown. Finally a general discussion of the 




The chapter is divided into three major sections: a review of methods involved in 
mapping of quantitative trait loci, the selection lines used in this study, and finally a 
brief review of literature on the X-chromosome. 
In 
2.2 METHODS OF MAPPING QUANTITATIVE TRAIT LOCI 
2.2.1 Introduction 
The conflict between the Mendelian theory of qualitative inheritance and the 
observation that many traits exhibit continuous variation was eventually resolved with 
the concept of quantitative inherence; where a quantitative trait is controlled by 
multiple genes of small effect. Pioneering experiments by Sax (1923) showed that 
linkage between markers and quantitative trait loci (QTL) could be detected. This and 
further experiments (Thoday, 1961; Shrimpton & Robertson, 1988a,b) were 
hampered by a poor distribution through the genome of the morphological markers 
used to detect linkage to QTL. Today, with a near inexhaustible number of highly 
polymorphic markers throughout the genome, such as simple sequence length 
polymorphisms (SSLP or microsatellites) and restriction fragment length 
polymorphisms (RFLP), it is now possible to map QTL to specific regions of the 
genome (e.g. Paterson etal., 1988; Andersson et al., 1994; Cheverud etal., 1996). 
The objective of this section is to review the literature regarding mapping of QTL in 
experimental populations, covering statistical methods for mapping QTL, data 
interpretation, and experimental design. 
2.2.2 Methods for Mapping QTL 
The basic starting point for mapping QTL in experimental populations is a cross 
between two inbred lines. Crosses between genetically divergent inbred lines provide 
the most powerful means of detecting QTL by linkage (Knott & Haley, 1992). The 
assumption is made that QTL and markers are fixed at different alleles in the parental 
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lines, so that all F 1 individuals are heterozygous at all marker loci and QTL. 
Segregating populations are scored for both the trait(s) of interest and for a number of 
genetic markers. Linkage between QTL and markers is observed in segregating 
populations, typically in an F2 intercross (17 1 x F 1 ) or backcross (BC 1) (17 1 x Parental). 
Crosses between inbred lines provide a bench mark for assessing methods for 
investigation of power to detect QTL and accuracy of QTL estimates. In this section 
the basic methods for mapping QTL using single marker analysis and interval mapping 
by Maximum Likelihood and Multiple Regression will be discussed. 
The traditional method for detecting QTL, marker linkage, was simply to compare the 
phenotypic means for different marker classes (Sax, 1923), assuming the QTL is in 
complete linkage with the marker locus. The phenotypic effect of the different 
marker-QTL classes can be inferred, and tested for significance (significantly different 
from zero) by a simple t-test. Although this method is extremely simple, it has a 
number of problems (from Lander & Botstein, 1989): 
If the QTL does not occur in complete linkage with the marker locus its phenotypic 
effect may be underestimated by a factor which depends on the recombination 
fraction. If the recombination fraction between marker and QTL is r, then the inferred 
phenotypic effect of the QTL will be biased downwards by a factor of (1-2r) in a BC 
population and (1-3r12) in an F2 population. 
If the marker and QTL are not in complete linkage, the variance explained by the 
marker will decrease by a factor of (1-2r) 2  and (1-3r/2)2 in a BC population and F 2 
population respectively. The number of progeny required to detect a QTL of given 
effect will increase by the reciprocal of the variance explained. 
The single marker analysis does not give the likely position of a QTL. The analysis 
is unable to distinguish between tight linkage to a small effect, or loose linkage to a 
large effect. 
Lander & Botstein (1989) suggested the shortcomings of single marker analysis result 
from the fact that marker loci were analysed one at a time. To remedy the difficulties 
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in these methodologies, they proposed the use of 'marker intervals' to estimate QTL 
positions and effects. 
Following the initial development of 'interval mapping' using Maximum Likelihood 
(ML) by Lander & Botstein (1989), a number of additional methods have been 
proposed. The majority of these methods fall broadly into ML methodologies (Lander 
& Botstein, 1989; Luo & Kearsey, 1992), and Multiple Regression methods (Haley & 
Knott, 1992; Martinez & Curnow, 1992; Moreno-Gonzalez, 1993; Whittaker el al., 
1996). Both ML and regression methods assume normal distribution of data (when 
hypothesis testing), and no segregation distortion. 
As mentioned previously, interval mapping was initially proposed by Lander & 
Botstein (1989) for a BC population, and was adapted for an F 2 population by Luo & 
Kearsey (1992). In interval mapping, instead of considering a single marker-QTL 
association, a chromosome interval is considered, flanked by two markers with a 
putative QTL within the segment: 
A------Q------B 
H- r  -H 
where A and B are the flanking markers, Q is the QTL, and the recombination 
distance between A and B is r and known. Under the null hypothesis of no QTL 
present within the interval, maximum likelihood estimations (MLEs) for QTL effects 
can be obtained at given positions within the interval. Using the estimates of QTL 
effects at putative QTL positions, a likelihood ratio test statistic can be obtained for 
the QTL at a given position within the interval. The estimate for QTL position is 
obtained by the highest likelihood ratio test statistic. 
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Lander & Botstein (1989) utilise LOD scores to interpret the likelihood ratio test 
statistic (the test statistic commonly used in human genetics), 
LOD = logio(Li/Lo), 
where L 1  is the overall ML where QTL effects are estimated in the model, and L 0 is 
the overall ML where the QTL effects estimated are restricted to zero. 
The maximum likelihood methods using flanking markers have been shown by 
simulation to provide good estimates of parameters, and allow detection of QTL in 
segregating populations derived from inbred lines (Lander & Botstein, 1989; Luo & 
Kearsey, 1992; Knapp, 1991; Paterson etal., 1991). Because iterative numerical 
methods are required to maximise the likelihoods of estimates, ML methods for QTL 
mapping are computationally demanding and become increasingly intractable as the 
model becomes more complex. As a result of this, methods utilising regression have 
been developed (Haley & Knott, 1992; Martinez & Curnow, 1992; Moreno-
Gonzalez, 1993). The basic methodology as described by Haley & Knott (1992) 
utilises regression of phenotypic values onto the mean (m) and coefficients of additive 
(a) and dominance (a) terms. The coefficients of a and d are expressed in terms of 
recombination fractions between flanking markers at putative QTL positions (e.g. 
1cM intervals between flanking markers). Numerical values of the coefficients of a 
and d at each of the putative QTL positions can be calculated for every marker 
genotype combination. Multiple regression is carried out at all putative QTL positions 
within the marker interval, regressing the phenotypic value onto the mean (mean of 
the homozygote parents) and the numerical values of the coefficients of a and d 
(Haley & Knott, 1992). The most likely position of the QTL is obtained at the lowest 
value of the residual sum of squares (RSS) (Martinez & Curnow, 1992; Haley & 
Knott, 1992), and estimates of a and d can be obtained at this position. 
This method can be compared to the ML method by using a test statistic comparable 
to the likelihood ratio test statistic: 
test statistic = n loge (RS S reduced' RS S iu11), 
where n is the number of individuals in the analysis, RSS reduced is the RSS of the 
regression with no QTL parameters fitted, and RS  full is the RS  with the QTL 
parameters fitted. This test statistic is asymptotically distributed as x2  with degrees of 
freedom (d.f.) equal to d. f. full model - d. f. reduced model (e. g. for an F 2 population 
2d.f for a and d). The likelihood ratio test statistic can be converted to LOD scores 
by division by 2(log10). 
The multiple regression methods of Haley & Knott (1992) and Martinez & Curnow 
(1992) were simplified by Whittaker etal. (1996) who showed that in F 2 and 
backcross populations, with a QTL with additive effect, the regression methods 
described above are exactly equivalent to regression of phenotype on marker type. 
The method of Whittaker et al. (1996) does not use an iterative numerical 
optimisation for QTL position and effects, as in the methods of Haley & Knott (1992) 
and Martinez & Curnow (1992) where a number of putative points are screened in 
sequence to determine the most likely QTL position. The method regresses phenotype 
on each pair of flanking markers in turn, selecting from the pairs of markers (in which 
both markers have regression coefficients of the same sign) the pair which give the 
smallest RSS. These markers provide the most likely interval for the QTL position. 
The QTL position and effect in an F 2 generation are determined by solving the 
equation, 
a2 = [13 + (1-2r) 3j+i]  [f3+' + (1-2r) J3] / (1-2r), 
where ft and I3j+ i  are the coefficients of the linear regression of phenotype on the 
flanking markersj andj+], and r is the recombination fraction between the flanking 
markers. The QTL position depends on the ratio of Pj and f3+i, both of which must 
have the same sign as a. 
The ML and multiple regression methods outlined above have been shown (in 
simulation studies) to be effective in mapping QTL in segregating populations. The 
multiple regression methods (Haley & Knott, 1992; Martinez & Curnow, 1992; 
Moreno-Gonzalez, 1993) using marker intervals have provided a valuable alternative 
to the ML methods (Lander & Botstein, 1989; Luo & Kearsey, 1992). The regression 
methods are easier to implement using existing analytical packages to estimate QTL 
positions and effects (e.g. Genstat), which makes these methods more accessible for 
general use. The method of Whittaker et al. (1996) provides a quick method of 
determining marker intervals of interest. This method may have a limited application 
for the analysis of experimental data as it does not provide a likelihood surface for all 
areas searched, and the computation time required for a genome wide scan using the 
method of Haley & Knott (1992) is not problematic. The method of Whittaker et al. 
(1996) does, however, provide a quick and effective alternative to the ML and 
multiple regression methods, and this may be of particular use in simulation studies. 
Models assuming greater than one OTL on a chromosome 
Work carried out to compare ML and regression methods has shown that both 
methods yield similar results when mapping a single QTL. The correlation of test 
statistics between ML and regression methods never fell below 0.96 in the simulation 
study described by Haley & Knott (1992). This implies that nearly all the useful 
information about the QTL is contained in the marker class means. However, there 
are still problems with ML interval mapping and regression methods, most notably the 
inability to distinguish between one or more QTL, particularly between one QTL 
within an interval and two QTL in flanking intervals. Investigations have been carried 
out into both ML and regression methods under QTL models assuming two or more 
QTL (Lander & Botstein, 1989; Haley & Knott, 1992; Martinez & Curnow, 1992; 
Knapp, 1991; Zeng, 1994; Jansen, 1994). 
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Lander & Botstein (1989) suggested that when a likelihood curve shows evidence of 
two QTL, each of the QTL should, in turn, be fixed at their estimated positions. The 
likelihoods are then plotted against chromosome position for each of the fixed QTL, 
and a second high peak indicates the presence of a second QTL. However, Martinez 
& Curnow (1992) suggest this procedure is incorrect, as the estimated positions and 
sizes of effects are then not independent. In the methods of Haley & Knott (1992) and 
Martinez & Curnow (1992), two QTL models can be fitted. These methods allow a 
search over all possible pairs of values of the two positions and two sizes of effects. 
Both authors showed that two QTL could be distinguished from one and no QTL, in 
cases where the QTL were simulated in marker intervals separated by one marker 
interval with no QTL, and where there was sufficient recombination to break down 
linkage between the two QTL. Martinez & Curnow (1992) proposed the optimum 
procedure was always to search for two QTL, as in simulation studies; even when 
there are none or one QTL present, the procedure still gives good results. This 
strategy would prevent spurious identification of a single 'ghost' QTL, where two 
QTL are separated by a single interval. When testing for a single QTL the model 
produces a 'ghost' QTL in the interval flanked by the QTL in adjacent intervals 
(Martinez & Curnow, 1992). However, it should be noted that when using this 
strategy an increased threshold for QTL detection would need to be applied, as the 
number of degrees of freedom for the test statistic would be doubled for the test of 
two QTL vs. no QTL (see section 2.2.3). 
The regression methods outlined above are effective in distinguishing between two or 
one QTL, where recombination is sufficient to break down the association between 
the two QTL (Haley & Knott, 1992; Martinez & Curnow, 1992). However, the 
computation involved with these models is not feasible when the number of QTL is 
large. To specifically address the difficulties encountered when mapping more than 
one QTL, methods have been developed to allow efficient mapping of multiple QTL 
(Jansen, 1993,1996; Zeng, 1994). Both authors use information from markers other 
than the flanking markers of the interval being mapped, fitting the additional markers 
as 'cofactors' in the analysis to account for the effects of possible QTL elsewhere on 
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the genome. These markers eliminate background genetic noise (QTL on other 
chromosomes), and neutralise the effects of linked QTL, resulting in an increase in 
power and reduction in interference due to linked QTL. 
The cofactors (additional markers) are effective in removing residual genetic variance 
only when linked to QTL. If we presume that only few of these markers are linked to 
QTL, it follows that many of the cofactors will tend to be redundant. Fitting 
redundant cofactors in the model can reduce the power of the test used (e.g. 
likelihood ratio test statistic for one QTL vs. no QTL), and increase sampling variance 
of estimates, particularly when the sample size is small (Zeng, 1994). Jansen (1993) 
addressed the problem of fitting redundant cofactors by selection of cofactors. To 
allow for change in likelihoods of the models with different parameter numbers, 
Jansen (1993) proposed a genetic model that leads to the highest log-likelihood (L), 
minus a penalty for the number of parameters fitted in the model (k) using 
Akaike's Information Criterion (AIC) = -2(L-k). 
A difference between AICs for two models greater than 2 is considered significant 
(Sakamoto etal., 1986; cited in Jansen, 1993). Further work investigating these 
methods indicated that type I and type II errors were lower than for interval mapping 
using the likelihood ratio test statistic under the null hypothesis that no QTL is present 
in the marker interval (Jansen, 1994). 
In a method further developed by Jansen (1996) a multiple QTL model (MQM) was 
proposed, utilising Monte Carlo expectation maximisation (EM) using the Gibbs 
sampler to generate Monte Carlo samples. This method also uses cofactors, but 
minimises the loss of degrees of freedom by cofactor selection, as outlined above, and 
also increases power due to the reduction in unexplained variance and interference 
due to other QTL. In addition to these advantages, the use of the Gibbs sampler 
allows estimation of the 'real' genotypes, and corrects for missing data, both resulting 
in an increase in power (Jansen, 1996). 
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The methods described in section 2.2.2 give an overview of the methods available for 
mapping QTL. When mapping QTL, workers must be aware of the methods available, 
and the relative attractiveness of the methods for the study of interest. As discussed 
earlier, the method described by Whittaker et al. (1996) is of particular use for 
simulation studies, but may not be the most appropriate method for experimental data. 
The multiple regression methods (Haley & Knott, 1992; Martinez & Curnow, 1992) 
are simple to implement, enabling more complex models to be fitted, and can be used 
in conjunction with cofactors to remove genetic noise due to QTL elsewhere on the 
genome. The regression methods are therefore easier to use than the NIL methods of 
Lander & Botstein (1989) and Luo & Kearsey (1992), and computationally less 
demanding. Where QTL effects are small, simulation studies have indicated the MQM 
methods described by Jansen (1996) using Monte Carlo EM with cofactors may be 
the most effective, as this method has been shown to provide an increase in power. 
2.2.3 Interpretation of mapping results; Thresholds and Confidence Intervals. 
As discussed in the previous section, methods for interval mapping of QTL can be 
broadly divided into ML and regression methods. Extension of the one QTL model 
allows effective mapping of two QTL (Haley & Knott, 1992; Martinez & Curnow, 
1992), and multiple QTL using cofactors (Jansen, 1993,1996; Jansen & Stam, 1994; 
Zeng, 1994; Jiang & Zeng, 1995). A problem common to all these methods is the 
difficulty in determining appropriate significance thresholds for test statistics (usually 
LOD scores or likelihood ratio test statistics) and confidence intervals for QTL 
positions, so that results from QTL mapping can be interpreted correctly. This section 
will discuss interpretation of results, outlining calculation of thresholds for QTL 
detection and confidence intervals (CI) for QTL positions. 
The appropriate level at which to set the significance threshold when testing for the 
presence of QTL in many intervals is problematic. The objective is to produce a 
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threshold minimising type I errors where QTL are indicated but none are present, for 
an acceptable level of type II errors where QTL are present but are not detected. 
Lander & Botstein (1989) proposed the threshold for QTL detection was dependent 
on the size of the genome and marker density. Further development of the formula to 
calculate the significance threshold for QTL detection was carried out by Lander & 
Kruglyak (1995). They consider a normally distributed statistic, the Z-score, where 
the number of regions in which the statistic Z exceeds the pointwise significance level 
(T) has a Poisson distribution with mean: 
= [C+2pGT2] c(T), 
and the genome wide significance level is a(T) = 1 e T) .  The quantities in the 
equation are defined: 
a(T) = the pointwise significance threshold T, 
C = the number of chromosomes, 
G = the genome length in Morgans, 
p = the constant measuring the total crossing over rate between the genotypes being 
compared, indicating how rapidly the linkage statistic exceeds a specified threshold T 
by chance over the genome wide scan (Lander & Kruglyak, 1995). The results can be 
applied to LOD scores by replacing [C+2pGT 2] with [C+2pGX] in the equation 
above, where X=(2log10). The pointwise significance level is determined from x2 
tables with d.f equal to the d.f for the model with the QTL fitted (d.f full), minus the 
d.f of the model not fitting the QTL (d.f reduced) (e.g. for an F 2 population, 2 d.f). 
Lander & Kruglyak (1995) used this formula to obtain guidelines for thresholds for 
QTL mapping over a range of different experimental designs, and gave LOD 
thresholds for suggestive linkage (P<0. 10) and significant linkage (P<0.05). 
Other authors also suggest using x2  tables, with d.f equal to (d.f full - d.f reduced) + 
1 d.f for the estimation of QTL position (Jiang & Zeng, 1995; Martinez & Curnow, 
1992), e.g. for an F2 population, 2+1 degrees of freedom. Jiang & Zeng (1995) 
stresses however, that this threshold was only a very rough approximation and the 
correct determination of the appropriate threshold was a complex statistical issue. 
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Jansen (1996) pointed out that the use of the X2  test statistic was valid only for single 
positions or intervals. Andersson et al. (1994) suggested that as a result of QTL 
mapping by ML (Lander & Botstein, 1989; Luo & Kearsey, 1992) and multiple 
regression methods (Haley & Knott, 1992; Martinez & Curnow, 1992) where 
sequential methods are employed to carry out multiple tests, the correct threshold 
cannot be easily derived theoretically. These authors proposed a test using actual 
marker data where 5000 replicates of phenotypic measurements are simulated with no 
QTL segregating. From these replicates the highest test statistics obtained were used 
to produce 5%, 1% and 0.1% probability of detecting QTL where no QTL was 
segregating. A similar method suggested by Churchill & Doerge (1994) uses a 
permutation test where the phenotypic data are permuted with respect to marker data 
a large number of times to sample from the distribution of test statistics under the null 
hypothesis of no phenotype-genotype associations. They suggest that this method is 
valid when used in conjunction with ML or regression based test statistics for any 
distribution of quantitative data. 
The thresholds for QTL detection are very important in the prevention of type I and 
type II errors. The x2  test statistic should be used only as a preliminary estimate or a 
threshold or for use in a simulation study. The permutation test of Churchill & Doerge 
(1994) and the simulation method described by Andersson et al. (1994) appear to be 
the most appropriate methods for the analysis of experimental data. The only 
disadvantage of these methods are if the marker data is not available for all 
chromosomes, then it is not possible to consider a threshold for a genome wide scan. 
Lander & Schork (1994) stress that the threshold for a genome wide scan should 
always be applied to any new hypothesis, even when the search is over a small subset 
of the genome. This may appear to be a very restrictive statement, but if results are 
reported very clearly reflecting the thresholds used, the Lander & Schork (1994) 
statement need not apply, and thresholds for a single chromosome can still be used. 
An example of the reporting of a QTL detected with a significance threshold 
calculated for a single chromosome, is that the author should stress that the QTL is 
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significant in the analysis of the given chromosome, and no claims regarding 
significance for the entire genome can be made. 
Another important issue in the correct interpretation of results from QTL mapping is 
the formulation of a confidence interval for the QTL position. Lander & Botstein 
(1989) proposed a one-LOD drop support interval (also referred to as the LOD-drop 
off method), where the CI for the QTL position is indicated by a drop of 1 LOD score 
from the maximum, which corresponds to a 95% CI. The use of 4xstandard error 
(s.e.) of the estimated position of the QTL as a confidence interval has also been 
suggested (Darvasi etal., 1993) and would represent approximately the length of a 
95% CI. Comparison of 4xs.e. with empirical CI obtained by simulation showed the 
CIs obtained by both methods were generally quite close (Darvasi etal., 1993). In 
addition to the one-LOD drop and 4xs.e. approximations of confidence intervals, 
bootstrapping has also been used to estimate CIs (Visscher etal., 1996). In brief, the 
bootstrapping method discussed by Visscher etal. (1996) samples from the data set 
(phenotypic and genotypic records) with replacement for n bootstrap samples. After n 
bootstrap samples, the results of QTL analysis of the bootstrap samples are ordered, 
and the bottom and top 5 and 2.5 percentiles are taken to produce 90% and 95% CI. 
Comparison of bootstrapping and LOD-drop off methods to the empirical CI by 
Visscher et al. (1996) showed the CI obtained from bootstrapping were more 
stringent than estimated by LOD-drop off (which were biased downwards leading to 
CI which did not always contain the QTL). The bootstrap method is more stringent 
because it uses information from the likelihood curve for the entire chromosome to 
estimate the CI for the QTL position, whereas the LOD-drop off method simply uses 
information from the highest peak, often ignoring information from secondary peaks. 
It should be noted that in the study by Visscher etal. (1996) the LOD-drop off used 
was equivalent to a drop in LOD score of 0.83, as this was equivalent to P<0.05 for a 
x2  with 1 degree of freedom. It is possible that if the one-LOD drop was used, the CI 
estimated by this method may have been closer to the empirical CIs. The downward 
biases of the CI determined by the LOD-drop off method were greater in populations 
where a QTL explains a small amount of the variation and for dense marker maps 
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(Mangin et at., 1994). van Ooijen (1992) and Visscher etal. (1996) showed that type 
I errors occurring with the LOD-drop off method were greatly reduced with increased 
population size Sand heritability. 
As described above, the LOD drop method and bootstrapping methods have been 
shown by simulation to produce good approximations to the empirical 95% CI. When 
QTL mapping power is high (i.e. large population and/or QTL of large effect) the 
LOD-drop off method provides a good approximation to the empirical CI, and 
therefore this method would be effective when a single well defined peak in the 
likelihood curve with a high maximum test statistic is obtained from the QTL analysis. 
Estimating the CI using the LOD-drop off method is very simple, and avoids the 
computation time required to estimate CI by bootstrapping. However, when a 
multimodal likelihood curve is obtained from the QTL analysis, the bootstrapping 
method would be the most appropriate method to use, as the LOD-drop off method is 
more likely to result in type I errors. It should be noted that whatever method is used, 
the workers must be aware of the potential inaccuracy of the estimated CI, as neither 
methods give completely accurate 95% CI. 
2.2.4 Experimental Power 
The use of interval mapping rather than single marker analysis with ML has been 
shown to increase the power of QTL mapping experiments, e.g. Backcross or F 2 
intercross designs (Lander & Botstein, 1989; Knott & Haley, 1992), particularly at 
wide marker spacing (Knott & Haley, 1992). Comparisons of ML vs. regression 
methods have been shown to produce similar power of detection of QTL (Haley & 
Knott, 1992). In addition to the relative power of statistical methods used to map 
QTL, the power of QTL mapping can be affected by the experimental design, 
particularly segregating population type, population size, marker spacing, and the size 
of QTL effect. 
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The power to detect marker-QTL linkage is primarily determined by the QTL effect 
(Lander & Botstein, 1989; Darvasi etal., 1993), as the QTL effect cannot be changed 
within a population under study. By varying the experimental design the power to 
map a QTL of a particular size may be increased, but ultimately the size of the QTL 
effect is the first factor which limits the power of a QTL mapping study. The effect of 
experimental design on the power to detect marker-QTL linkage will be discussed in 
this section. 
The relative power of QTL detection in different experimental populations has been 
investigated (Beckmann & Soller, 1983; Lander & Botstein, 1989; Moreno-Gonzalez, 
1993; Luo, 1993). Lander & Botstein (1989) suggested that the use of an F 2 inter-
cross was about twice as powerful at detecting purely additive QTL as a BC 
population using interval mapping, as it provides information at twice as many 
meioses, resulting in 50-60% as many progeny required compared to the BC 
population. A simulation study conducted by van Ooijen (1992), however, showed the 
power to detect a QTL of entirely additive effect was slightly less for an F 2 than for a 
first generation backcross population (BC 1) (see Table 2.1 section 2.2.6). van Ooijen 
suggested that this was due to the fact that three mixing components have to be 
estimated in the F 2 population vs. two in a BC 1 . The author stressed that in the 
simulation study undertaken (simulating QTL explaining equal variance in the 
population), an additive QTL that explains a specified fraction of the total variance in 
the BC, will explain more than that fraction in the F 2. The additive genetic variance of 
a QTL in an F 2 is twice that variance in a BC population, so van Ooijen (1992) 
suggested that this fact may have led to the conclusions of Lander & Botstein (1989) 
that an F2 was twice as powerful for detection of additive QTL as a BC population. 
However, the two-fold genetic variance in the F 2 holds for QTL elsewhere on the 
genome as well. Therefore, the total variance due to all QTL also increase, while the 
non-genetic variance remains the same (van Ooijen, 1992). Simulation studies carried 
out by the same author showed the fraction of the variance explained by a single QTL 
in an F2 will be less than twice the fraction in a BC 1 , reducing to even the same 
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fraction depending on the number of QTL segregating and the proportion of their 
genetic effects. 
Simulation studies have indicated that BC, populations provide more power for QTL 
detection where there is no dominance. However, if we use the example of a 
backcross between the lines AA and BB carrying a QTL with partly (or entirely) 
dominant effect, one of the reciprocal backcrosses (e.g. AAxAB) will be more 
effective and the other backcross (e.g. BB x AB) less effective for mapping QTL 
compared to a BC population with a QTL of entirely additive effect. Mapping entirely 
recessive or dominant QTL in a BC 1 population may result in the QTL remaining 
undetected regardless of the size of the QTL effect or population size, (this will 
depend on the direction of the backcross investigated). Therefore for many 
experimental investigations F 2 populations are preferred. The F 2 populations enable 
both additive and dominance deviations to be estimated, whereas in the BC, it is not 
possible to estimate the dominance QTL parameter. If the QTL effect is known, e.g. 
estimated to be additive by a segregation analysis, a BC, population may be the 
preferred experimental design as it provides greater power for mapping QTL of a 
given size compared to an F 2 population. 
Population size and marker density have a major effect on the power to detect QTL. 
Darvasi etal. (1993) showed that increasing population size increased power of QTL 
detection, and reduced the CI of the QTL position and the s.e. of estimates. It was 
noted that population size had a greater effect on the CI than marker spacing. 
Increasing the number of markers can reduce the confidence interval, but only to a 
given limit which is determined by the population size at a given gene effect (Darvasi 
etal., 1993). These findings led to further work to establish optimum marker spacing. 
Darvasi & Soller (1994) suggest that over a range of experimental designs, wide 
marker spacings were optimum for initial studies of marker-QTL linkage (e.g. 45cM 
where population maintenance is 20 times the cost of genotyping at 1 marker). They 
suggest that if budget limits genotyping, power can be increased most efficiently by an 
increase in the population size. 
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Mapping QTL in a large population with wide marker spacings does provide greater 
flexibility in the experimental design. In a small population genotyped at a large 
number of markers, if linkage to a QTL is detected, there is no scope to improve the 
estimate of QTL position, resolve the CI, and increase the likelihood for the QTL by 
adding more markers to the map. These objectives can be only achieved by increasing 
the population size. Using a large population size in the initial experiment, as well as 
providing greater flexibility for the experiment design, will also enable a number of 
specific experimental designs to be implemented which can increase the efficiency of 
QTL mapping. Selective genotyping (Lander & Botstein, 1989; Darvasi & Soller, 
1992), replicated progenies (Soller & Beckmann, 1990), sequential sampling (Motro 
& Soller, 1993), and pooled genotyping (Wang & Paterson, 1994) can all increase 
efficiency to detect QTL by reducing genotyping requirements and therefore leaving 
funds open to increase population size and therefore increase power. 
Selective genotyping can decrease the number of individuals genotyped for a given 
power (Darvasi & Soller, 1992). The method utilises the fact that much of the 
information from QTL mapping comes from the extreme genotypes (Lander & 
Botstein, 1989; Darvasi & Soller, 1992). Using the example of a population of 500 
animals with an additive QTL of ±0.125 phenotypic standard deviations (S.D.), 
genotyping only half the animals (25% for each tail of the normal distribution), will 
result in a drop in power of detecting marker-QTL linkage from 0.80 to 0.77 (Darvasi 
& Soller, 1992). 
The use of replicated progenies outlined by Soller & Beckmann (1990) is of particular 
interest for QTL mapping in plants. Replicated progenies are obtained for F 2 plants or 
F3 families for selfed F 2 plants. The replicated progenies can be scored for phenotypic 
traits (reducing error variance for trait measurements and increasing power to detect 
QTL) and can also be scored for more than one phenotypic trait and/or over a range 
of environments. This will enable mapping of more than one trait, and allow genotype 
environmental interactions to be assessed. The F 2 individuals are the only individuals 
to be genotyped at marker loci, therefore limiting the costs of genotyping for large 
number of phenotypic measurements. 
Motro & Soller (1993) discussed the use of sequential sampling. Where individuals 
are genotyped in sub-groups of the population and using the obtained genotypes, 
marker-QTL linkage is assessed by simple comparison of means (e.g. for a cross 
between lines carrying marker genotypes AA and aa, comparison of AA and Aa in the 
backcross and AA and aa in the F 2). This method can substantially reduce the number 
of individuals genotyped to detect marker-QTL linkage. In combination with selective 
genotyping Motro & Soller (1993) suggest the number of markers scored may be 
reduced by eight fold to detect marker-QTL linkage, compared to the classical 
genotyping of fixed sample size from unselected offspring. 
The use of pooled genotypes relies on the assumption that markers linked to QTL in a 
base population will be in linkage disequilibrium in a segregating population. If DNA 
pools of individuals in the extremes of the population are taken, it is assumed that 
markers in linkage disequilibrium with QTL will be at extremes in these pools, while 
unlinked markers will be randomly segregating (Wang & Paterson, 1994). Genotyping 
these pools gives a fast method of detecting marker-QTL linkage. This method is 
useful for initial scanning of the genome to detect QTL-marker linkage. Further 
mapping is required to obtain QTL parameter estimates, as no information regarding 
the size or action of the QTL effect is gained from mapping using pooled DNA. 
As described above, the power of QTL mapping is affected by the population type, 
population size, marker spacing, and the size of QTL effect. Darvasi & Soller (1994) 
propose that, in both BC, and F2 populations, wide marker spacings were optimum 
for initial studies of marker-QTL linkage, leaving funds (when limited) open to 
increase population size. A combination of the experimental designs described above 
could be used to maximise the power and reduce genotyping costs. In a large 
segregating population (BC, or F 2) derived from inbred lines, pooled genotyping 
could be used to detect QTL of large effect, and then followed by selective 
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genotyping used to isolate the QTL. To further resolve the QTL position, additional 
animals in the population could be genotyped. By repeating this procedure using the 
information at mapped QTL when producing the DNA pools (e.g. fitting marker 
genotypes for the markers closely linked to the mapped QTL as fixed effects), further 
QTL could be detected via pooled genotyping. It is clear that experimental design can 
have a substantial effect on the power and cost of mapping QTL, and should therefore 
be given due consideration when mapping QTL. 
2.2.5 Non-inbred Populations. 
In previous sections, mapping of QTL has been described utilising inbred lines where 
all marker loci are fully informative in a segregating population. While for many 
laboratory animals it is feasible to produce inbred populations of the lines of interest, 
unfortunately for commercial species this is not widely practicable. As a result, QTL 
mapping methods have been developed to map QTL in non-inbred populations. 
Haley et al. (1994) developed a method for mapping QTL in F 2 experimental 
populations derived from non-inbred lines (this method may also be adapted for other 
segregating populations). The method assumes that although there may be 
segregation at marker loci in the two lines, the QTL of interest are fixed at different 
alleles in the base population. The technique is based on the inbred multiple regression 
method (Haley & Knott, 1992). Using marker genotypes of parental lines, F 1 , and F2 
individuals the probabilities of the line origins of markers can be derived (where 
markers can be traced to either of the two foundation lines, weighted by the 
probability of each origin, see Haley et al. (1994)), some markers may be completely 
uninformative. Once the possible line origin combinations have been derived, the 
probabilities of each of the four line origin combinations for a QTL at a given position 
in an F2 individual can be calculated conditional upon the possible line origin 
combinations of the marker and on the recombination fractions between the flanking 
markers, and the markers and QTL (Haley et al., 1994). This method has been shown 
to be effective in mapping QTL in non-inbred populations (Andersson et al., 1994), 
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and, like the method utilising inbred lines (Haley & Knott, 1992), it is relatively simple 
to apply and allows the exploration of more complex models to be undertaken (Haley 
etal., 1994). 
2.2.6 A quantitative assessment of QTL mapping 
In previous sections the methodologies for mapping QTL in inbred populations and 
non-inbred experimental populations have been presented, and formulation of 
thresholds for QTL detection and confidence intervals for their positions have been 
outlined. The objective of this section is to give an indication of the size of QTL 
effects which can be detected and the CIs for their positions using the methodologies 
described previously. 
Limits to the size of OTL effect which can be detected 
van Ooijen (1992) compared the accuracy of mapping QTL in simulated data sets 
from a first generation backcross population (BC 1) and an F2 population derived from 
two inbred lines, when data were analysed by ML interval mapping (Lander & 
Botstein, 1989; Luo & Kearsey, 1992), using the null hypothesis of no QTL in the 
marker interval. The simulations were generated with three population sizes and three 
sizes of QTL effects, using 500 replicate simulations. The significance thresholds for 
QTL detection were obtained for the BC 1 and F2 populations by 16000 replicate 
simulations using the approximating equation of Lander & Botstein (1989). 
23 
Table 2.1 The fraction of simulations in which a significant LOD score was obtained 
(from van Ooijen (1992)). 
N CY exp 
BC F2 
0.01 0.05 0.10 0.01 0.05 0.10 
100 0.01 0.11 0.41 0.02 0.06 0.31 
200 0.02 0.41 0.87 0.02 0.29 0.79 
400 0.07 0.84 1.00 0.05 0.76 1.00 
N = population size, &exp = fraction of total background variance explained by the 
QTL. 
The simulation results (Table 2.1) obtained by van Ooijen (1992) suggest that QTL of 
small additive effect (explaining approximately 1% of the total phenotypic variance) 
were very unlikely to be detected in populations of size 400 and less. The results 
suggest a population size of at least 200 individuals was required to map QTL, unless 
the QTL is very large, explaining greater than 10% of the total phenotypic variance. 
The van Ooijen (1992) simulation study indicates a population size of 400 individuals 
is required to reliably detect QTL explaining approximately 5% of the total 
phenotypic variance. 
Experimental results suggest QTL explaining less than 5% of the total phenotypic 
variance can be mapped in similar population sizes to those outlined above (i.e. 
approximately 400 animals). In a study by Cheverud et al. (1996) using a population 
of 535 mice derived from two inbred lines which were genotyped at 75 microsatellite 
loci covering all the autosomes, QTL for body weight were detected on 16 of the 19 
autosomes. Using a significance threshold calculated by the method previously 
described by Andersson et al. (1994) (see section 2.2.3), QTL were detected 
explaining ~!1 .7% (P<0.05) of the total phenotypic variance. It should be noted that in 
the simulation study by van Ooijen (1992) and the experimental study by Cheverud et 
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al. (1996) two methods were used to obtain a significance threshold, and the results 
are therefore not strictly comparable 
Another experimental example of QTL mapping is the study described by Andersson 
et al. (1994) using non-inbred pig populations. When mapping QTL in a non-inbred 
population, the QTL detection rate will be a function of the level of uninformative 
marker loci within litters, as well as the population size, number of markers scored, 
and size of the QTL effect. The results of QTL mapping in an F 2 population derived 
from two non-inbred but genetically divergent pig lines, the European wild boar and 
the Large White, were presented by Andersson etal. (1994). Using the analysis 
method developed by Haley et al. (1994) (see section 2.2.5), QTL were mapped in 
200 F2 individuals genotyped at 105 genetic markers covering 75% of the porcine 
genome. Utilising the same simulation method to obtain a significance threshold for 
QTL detection as used by Cheverud et al. (1996), QTL were detected (P<0.05) 
explaining 7.5% of the phenotypic variance of growth from birth to 30kg body 
weight. Other QTL were detected for the traits measured, but all explained a greater 
percentage of the total phenotypic variance. 
Estimated confidence intervals for QTL positions 
In addition to the detection of QTL, an important consideration for interpretation of 
the results of QTL mapping is the CI for the QTL position. As discussed in section 
2.2.4, confidence intervals are dependant on population size, QTL effect, and marker 
density. 
Work by van Ooijen (1992) investigated the influence of population size and QTL 
effect in F2 and BC, populations when the marker density was ScM. The results 
obtained showed that CI were smaller at a given simulated QTL effect as population 
size increased. Investigation of the influence of QTL size showed larger QTL effects 
produced smaller CI for the QTL positions. Estimation of the percentage of CI which 
contain the simulated QTL indicated the estimated CI were more accurate with larger 
population sizes and larger QTL effects. Comparison of the F 2 and BC, populations 
25 
showed the CI estimated in the F 2 populations were narrower than the contemporary 
BC, populations, this occurs as the F 2 populations provide information at twice as 
many meioses. In the small population sizes the reduced confidence interval in F 2 
populations occurs at the expense of accuracy of the CI. The simulation results of van 
Ooijen (1992) indicate small CI are attainable only in large populations with QTL of 
large effect. 
Table 2.2 The mean and standard deviation (shown in parenthesis) of the length of the 
confidence interval for QTL position. The LOD drop off of 1 represents a 95% CI 
and the LOD drop off of 2 represents the 99% CI. Estimates of the fraction of CI with 
contain the simulated QTL are also shown (from van Ooijen, 1992). 
N LOD CF2exp 
drop BC F2 
off 0.05 0.10 0.05 0.10 
CI %QTL CI %QTL CI %QTL CI %QTL 
200 1 17 (8) 78 15 (6) 90 16 (6) 73 14 (6) 85 
2 37 (15) 94 29 (13) 99 33 (13) 92 28 (12) 98 
400 1 15 (7) 84 11(4) 95 14(6) 84 11(4) 94 
2 31 (15) 96 18(8) 99 27(13) 96 19(8) 99 
N = population size, 	= fraction of total variance explained by the QTL, CI = 
confidence interval, %QTL = percent of simulated QTL which fall within the 
estimated CI 
The findings of van Ooijen (1992) were supported by the results of Darvasi et at. 
(1993) where the authors demonstrated by simulation that even for a QTL of large 
effect ( 0.5 phenotypic standard deviations, i.e. a QTL explaining approximately 
12.5% of the total phenotypic variance) in a backcross population of 1000 animals 
scored at infinite marker loci, the empirical 95% confidence interval obtained was 
11cM. The simulation results therefore suggest that using the simple F 2 or BC, 
experimental design interval mapping is not able to refine QTL position to less than 
approximately 10cM. However, experimental data suggest that the CI for QTL of 
larger effect can be refined further. 
The results obtained by Horvat & Medrano (1995) suggest that 99% CI (calculated 
by a drop in LOD score of 2) obtained in an experimental population can be less than 
10cM. In the study by Horvat & Medrano (1995), the recessive hg gene which 
increases body weight by 30-50% was mapped in a population of 403 F 2 individuals, 
producing a CI of 3.7cM in the females and 5.4cM in the males using a sex averaged 
map density of approximately 1.7cM on chromosome 10. However, the small CI 
obtained in this study is likely to be a function of the large contribution of the hg gene 
to the total phenotypic variance. 
In summary, the results of simulation studies suggest that QTL can be mapped with a 
significance threshold of P<0.05 in large population sizes (e.g. 400 individuals) 
explaining approximately 5% of phenotypic variance (van Ooijen, 1992), and larger 
population sizes will enable QTL of smaller effect to be detected. When a QTL 
explaining approximately 12.5% of the total phenotypic variance is simulated in a 
population size of 1000 individuals genotyped at infinite marker interval mapping is 
unable to isolate the QTL to a CI of less than 10cM (Darvasi etal., 1993). 
Experimental data, however, do indicate that QTL of smaller effect can be mapped in 
large populations explaining as little of 1.7% of the total phenotypic variance 
(Cheverud et al., 1996), and CI for QTL of very large effect (i.e. greater than 30% of 
total phenotypic variance) can be isolated to a chromosomal region of less than 5cM 
(Horvat & Medrano, 1995). To date analytical techniques and experimental designs 
commonly employed in mapping QTL have been unable to map QTL with great 
precision, producing narrow CI. 
In this review, the analytical methods and experimental designs outlined enable 
preliminary mapping of QTL. For finer resolution mapping of QTL, special 
experimental designs must be employed. These designs largely rely on the production 
of congenic lines for the QTL of interest. An example of this approach is the method 
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of Shrimpton & Robertson (1988a,b) used to map bristle number in Drosophila 
melanogaster. This approach was based on the analysis of several congenic lines 
recombinant within small targeted regions. The Shrimpton & Robertson (1988a,b) 
experimental design is more powerful than simple F 2 or backcross populations, as the 
congenic lines are assumed to be genetically identical in regions unlinked to the 
congenic region of interest. This results in an elimination of genetic noise due to 
unlinked QTL and enables high resolution mapping of QTL. 
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2.3 SELECTION LINE HISTORY 
2.3.1 Introduction. 
Growth and body composition are of major economic importance in animal 
production. Improvement of these traits to meet market requirements are two of the 
most important problems that animal breeders face. In order to make improvements in 
these areas, it is helpful to have detailed knowledge of the genetic determination and 
interrelationships of these traits. Ideally these investigations would be carried out in 
the species of interest, but unfortunately in many agriculturally important species this 
is not always practical. Long generation intervals, high mature age, and high 
maintenance costs of populations, are the major reasons why investigations directly on 
commercial species are not carried out. However, laboratory animals, especially mice, 
provide excellent models to investigate genetic determination of growth and body 
composition and their interrelationships. Their short generation interval and low 
maintenance costs (compared to commercial species) enable a wide range of 
investigations to be carried out. The results of these investigations should be relevant 
to commercial mammalian species. 
2.3.2 The Replicate Lines and Preliminary results. 
Sharp et al. (1984) reported results on selection responses of.mouse lines selected on 
growth, body composition and food intake. The objective of the study was to 
investigate mouse lines selected from the same base population but physiologically 
distinct in growth rate, food intake or fatness, and involved the establishment of a new 
stain, the 'G' strain. Two inbred lines, JU, and CBA, were crossed to form an F 1 
population. The F 1 was crossed to an outbred strain, CFLP, which was obtained from 
Carnworth Laboratory in 1976 (Sharp etal., 1984). One generation of random mating 
followed, and the next generation was designated as generation 0 of selection. Three 
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selection criteria were established, A-appetite, F-fat, and P-protein. There were 
replicates within each selection criterion to enable selection response to be 
distinguished from genetic drift. High, Low and Control lines were maintained in each 
replicate (Figure 2.1). This section will concentrate on the P-lines, as these lines were 
used in this study, the F-lines and A-lines will be reviewed in brief for comparison. 
(CBAxJU)xCFLP 
PHI 	PL1 	PCi 
PH2 PL2 PC2 
PH3 PL3 	PC3 
LI] 
FH1 	FL1 	FC1 
FH2 FL2 FC2 
FH3 FL3 	FC3 
AH1 ALl AC1 
AH2 AL2 AC2 
AH3 AU AC3 
Figure 2.1 Lines established from the G-lines 
The selection criteria were (from Sharp et al., 1984): 
. P - Protein lines: selected on body weight corrected for fat percentage. 
body weight (g) - (8 x gonadal fat pad (g)) 
(8 x as gonadal fat pads represent approximately one eighth of the total carcass fat in 
10 week old males). This index is highly correlated to fat free mass (r0.94). The 
males were mated at 8 weeks and then killed at 10 weeks and measurements taken. 
Offspring were retained from selected males. Two males were measured in the control 
lines. 
• A - Appetite lines: selected for individual 4-6 week food intake adjusted for 4 week 
weight. 
• F - Fat lines: selected on the ratio of gonadal fat pad weight to body weight in 10 
week males. 
The growth curves at generation 14 presented by Bishop & Hill (1985) showed that at 
4 weeks the P lines show much larger divergences in body weight compared to the A 
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and F-lines, and this divergence extends over the entire growth period. The selection 
response obtained for the three replicate P selection lines are shown in Figure 2.1. The 
mean body weight in the P-lines at generation 20 were 38.1g. 27.5g, and 23.lg for the 
high, control, and low lines respectively (Hastings & Hill, 1989). 
The investigation of correlated responses at generation 20 of selection (Hastings & 
Hill, 1989) showed no significant change in carcass fat percentage in the A and P lines 
in males dissected at 10 weeks. Significant changes were found in the F line, with 
increasing ratio in the high line compared to decrease in the low line. Feed conversion 
efficiency (FCE) measured by Bishop & Hill (1985) showed no differences in FCE 
during the growth period between the A line high and low selection direction. The P 
high selection lines had higher efficiency than the P low and control lines. 
Observations on the F lines show greater efficiency in the fatter high line selection 
direction than the leaner low line. 
2.3.3 Physiological Basis of Response. 
At generation 20 of selection, replicates within the P and F selection lines were 
crossed to form the P6 and F6 lines (Figure 2.2). Crossing of the 3 replicate lines 
within high and low selection direction was intended to restore much of the genetic 
variability lost through random drift over the first 20 generations of selection. There 
was no line replication, and control lines were not established. At this stage the A-line 
was discontinued. This section will concentrate on the results of analysis of the P and 









Figure 2.2 Representation of the formation of the P6 selection lines. 
Analysis of data at generation 20 of selection indicated that the only selection criterion 
which led to a substantial change in body composition was that used in the F-line 
(Hastings & Hill, 1989). Selection for the ratio of gonadal fat pat to body weight 
produced a further divergent response in the carcass fat percentage, where the 
changes in body weight in these lines could be solely attributed to differing amount of 
carcass fat. Body composition analysis of the P lines showed that selection for fat free 
body weight resulted in no significant change in body composition. 
The selection responses of the P line replicates and P6 lines are shown in Figure 2.3 
(from Mbaga, 1996). The mean body weights at generation 50 of selection were 
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Figure 2.3 Selection response of the P replicate lines (selected for fat free body mass), 
and the P6 lines selected for body weight (Mbaga, 1996) 
The relationship between water and fat proportion was also investigated by Hastings 
& Hill (1989). Lipids are strongly hydrophobic, therefore proportion of carcass fat 
can be estimated from carcass water content. Using results from carcass composition 
analysis and freeze dried carcasses weights, a linear regression was used to allow of 
carcass fat to be estimated from freeze dried carcass weights: 
Y = a + bX, 
where : 	Y = fat weight/wet weight 
X = dry weight/ wet weight. 
Least square estimates were a = -0.302 ± 0.009 and b = 1.13 ± 0.003 and the 
correlation between the estimated carcass fat and the fat content determined by 
carcass composition analysis was 0.98 (Hastings & Hill, 1989). In addition it was 
found that the effects of selection for estimated lean mass in the P-line could not be 
distinguished from selection for body mass. 
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As a result of these findings, selection criteria in the newly formed P6 and F6 lines 
were: 
F6: fat proportion estimated using Y = -0.302+1.13 X 
(see above for Y and X) on 14 week old males, 
P6: Body weight of males and females at 10 weeks. 
These new selection criteria in the P6 line were cheaper, easier and less time 
consuming to measure, and allowed selection to be practised in both males and 
females (Hastings & Hill, 1989). 
Analysis of data to generation 20 in the P-lines by Beniwal et al. (1992a) showed an 
overall heritability of 0.52 ± 0.02; and this estimate was consistent across the 
replicates. Beniwal et al. (1992a) also investigated changes in genetic parameters 
during the course of selection. In order to investigate how variances in the selection 
lines change with time, the data were split into different periods of selection e.g. 
generation 0-7, 8-20 etc.. The results showed that in both the high and low lines there 
was a substantial and significant drop in genetic variances in later generations (Table 
2.3). 
Table 2.3 Changes in Genetic Variances in the P lines with selection over generations 
(Beniwal etal., 1992a). Estimates of VA (x 10 on the log scale) 
Generations High line VA Low line VA 
0-4 71 48 
5-7 51 28 
8-14 42 20 
15-20 12 15 
The drop in genetic variance could not be ascribed to the Bulmer effect (where in a 
selected population gametic phase disequilibrium between loci of opposing effect 
results in a negative covariance of gene effects (Falconer & Mackay, 1996), or 
inbreeding as these are catered for in the REML analysis with the animal model 
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(Bemwal et al., 1992a). This suggests a departure from the infinitesimal model, such 
that all genes influencing predicted lean mass do not have a sufficiently small effect 
that the changes in gene frequency and consequent changes in variances are negligible. 
2.3.4 Investigation of the Genetic Basis of Response. 
During the course of the P-lines and P6 line selection, a number of experiments have 
been set up to determine the nature of genetic response (Hastings, 1990; Hastings & 
Veerkamp, 1993; Veerkamp et al., 1993). Reciprocal F 1 populations were set up at 
generation 31 (Hastings, 1990), and generation 38 (Hastings & Veerkamp, 1993) of 
the P6 lines, and at generation 44 of the P-lines (only the first 20 generations were 
selected) (Hastings & Veerkamp, 1993) (see Table 2.4). There were sex differences in 
the mean body weight in the F 1 generation, where the weight of males were biased to 
that of the female parent (Hastings, 1990; Hastings & Veerkamp, 1993). If this was a 
maternal effect both sexes would be affected in the same way, but F 1 females show 
body weights midway between the parental lines for 10 week weight in both 
reciprocal halves. 
A difference between the two sexes is that females inherit one maternal X-
chromosome and one paternal X-chromosome, whereas males receive only a maternal 
X-chromosome. Initial inspection of the data suggested the X-chromosome may have 
a significant effect on body weight (Hastings, 1990). Further investigation was carried 
out to confirm an X-linked effect. A backcross population was set up at generation 
31, to test for evidence of cytoplasmic or mitochondrial inheritance, and Y-linked 
effects. The hypothesis that cytoplasmic or mitochondrial inheritance had a significant 
effect on mean body weight was tested by comparing the mean body weights of 
females, which inherited either the high line of low line cytotype. For example in the 
F 1 generation the type 1 F 1 females with high line dam and low line sire will have a 
high line cytotype, and type 2 F 1 females with low line dam and high line sire will 
inherit a low line cytotype. If there were significant cytoplasmic or mitochondrial 
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linked effects the type 1 F 1 females would be significantly heavier than the type 2 
females. The data did not indicate any evidence for cytoplasmic or mitochondrial 
inheritance (Hastings, 1990). The Y-linked effects were tested by comparing the mean 
body weight of backcross males. Backcross males with the same dam genotype, but 
with sire carrying a Y chromosome inherited from either high or low line, are assumed 
to be genetically identical for the autosomes and the X-chromosome, but carry a Y-
chromosome inherited from the high (H) or low (L) selection lines. For example males 
with H dams, and F 1 sires (with H dam and L sire) have high line X-chromosome and 
low line Y chromosome, and the males with H dams, and F 1 sires (with L dam and H 
sire) have high line X and Y chromosome. The mean body weights of these two F 1 
groups indicated no significant Y-linked effects (Hastings, 1990). 
Table 2.4 Mean body weights at 10 weeks of reciprocal F 1 generations and 
contemporaneous selection lines. Dams first in crossing nomenclature (from Hastings 
& Veerkamp, 1993). Mean number in each class=33. 
Origin HxH HxL LxH LxL Mean s.e. 
Replicate 6 
Gen.31 female 42.9 28.6 29.9 19.4 0.6 
male 50.4 36.6 31.1 22.7 0.6 
Gen.38 female 39.6 26.3 26.4 16.7 0.5 
male 44.7 33.4 28.9 20.2 0.6 
Rep. 1 female 31.2 25.5 26.1 18.8 0.5 
male 37.6 36.1 29.5 21.4 0.5 
Rep.2 female 26.1 25.8 23.2 21.7 0.5 
male 31.4 33.8 26.0 26.4 0.6 
Rep. 3 female 31.7 27.4 26.8 19.0 0.6 
male 41.9 37.1 29.1 24.0 0.7 
The presence of the X-linked effect in all 3 replicates of the P-lines (Table 2.4) 
suggests the effect did not arise from a single spontaneous mutation during selection, 
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but was present in the base population. The size of the X-linked effect can be 
estimated from the mean body weights of the F 1 males and females: 
(HxL males - HxL females) - (LxH males - LxH females), 
where HxL are individuals with high line dams and low line sires, and LxH are 
individuals with low line dams and high line sires. The magnitude of the effect appears 
similar in all lines and replicates, ranging from approximately 4.6g in the P6 line at 
generation 38 of selection, up to 7.6g in replicate 3 of the P line. This suggests the 
QTL was fixed at different alleles in the high and low direction of each of the P 
replicate lines by generation 20, where selection ceased (Hastings & Veerkamp, 
1993). Beniwal et al. (1992a) showed rapid decrease in genetic variance over the 
initial selection in the P-lines (Table 2.5), which is consistent with rapid fixation of a 
major gene in the population. Maximum likelihood segregation analysis of the 
backcross population set up at generation 31 carried out by Veerkamp et al. (1993) 
showed no evidence for autosomal major gene in the P6 lines, but significant 
improvement in the likelihood when a sex linked monogenic effect was fitted in the 
model. Despite strong evidence for a monogenic effect on the X-chromosome caution 
should be taken before concluding a monogenic effect on the X-chromosome. Firstly, 
the rapid reduction in genetic variance would also be consistent with the fixation of a 
small number of sex linked genes. Selection over the first 20 generations was carried 
out on males only, therefore X-linked alleles in a hemizygous state would be strongly 
selected, as their contribution to response would be proportionally larger than 
autosomal alleles (Charlesworth etal., 1987). Secondly, in the segregation analysis 
recombination on the X-chromosome was possible only in the F 1 females, so 
recombination may not break down the association between linked polygenes, and 
these linked polygenes may stay together and act as a single major gene (Veerkamp et 
al., 1993). Clearly we are unable to ascertain whether the X-linked effect is due to 
one or more loci. 
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2.4 THE X-CHROMOSOME IN QTL MAPPING 
2.4.1 Introduction. 
To date the majority of experiments carried out mapping QTL in mammals have 
concentrated on the autosomes. The project described here is specifically concerned 
with mapping a putative QTL for body weight on the X-chromosome (as reviewed in 
section 2.3.4). 
In this section the specific properties of the X-chromosome which must be considered 
when mapping QTL on the X-chromosome will be reviewed, and these include 
dosage compensation, selection responses for X-linked loci, polymorphism rates of 
markers, and QTL mapping on the X-chromosome. 
2.4.2 X-chromosome inactivation and selection response 
During the course of evolution the Y-chromosome has become the male determining 
chromosome in mammals. The Y-chromosome is maintained in a hemizygous state 
with the X-chromosome in males, and in females the X-chromosome is maintained in 
a homogametic state. The hemizygous existence of sex linked genes in males should 
be hazardous, since monosomy of autosomes is lethal or causes severe phenotypic 
abnormalities in mammals (Ohno, 1967; Lyon, 1992). However, X-chromosome 
inactivation is the buffer mechanism evolved to offset the genetic disparity between 
the males and females (Ohno, 1967; Lyon, 1992). 
In mammals, random inactivation of the X-chromosome in the early stages of 
development of the female ensures equal gene dosage of X-linked genes in males and 
females. The inactivated X-chromosome assumes a compact, condensed structure, 
replicates its DNA asynchronously, and is not transcribed to messenger RNA (Lyon, 
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1996). Inactivation occurs early in development. Observations have shown X-
inactivation in the mouse embryo in the trophoblast cells at about 4 days gestation 
(Lyon, 1992). Once an X-chromosome is inactivated, it remains inactivated in all 
descendant cells (Ohno, 1967), leading to a situation where females are in effect 
mosaics with respect to functional X-chromosomes. The process of inactivation 
spreads from a region called the inactivation centre. Penny et al. (1996) provided 
conclusive evidence that the X-ist gene (X-inactive specific transcript) forms an 
essential part of the inactivation which spreads along the chromosome. 
The hemizygous state of the X-chromosome in males plays a special role in selection 
response from X-linked loci. The X-chromosome contains a disproportionately large 
share of genes (per unit of genetic length) compared to the autosomes (Charlesworth 
et al., 1987). Partially recessive favourable X-linked loci undergoing selection in 
males and females (or males alone) will show a greater response to selection than 
similar autosomal genes (Griffing, 1965; Charlesworth etal., 1987). A greater 
response is predicted in X-linked genes than autosomes as a result of partial shielding 
of favourable recessives when in a heterozygous state, while for X-linked genes, 
complete exposure in the hemizygous male leads to greater response to selection 
(Charlesworth et al., 1987). As a result of the greater selection response possible with 
selection for X-linked loci, rapid fixation of selected alleles in the population is likely 
to occur. Investigation of the mouse lines used in this study (the P-lines) showed an 
X-linked effect which accounted for approximately 25 % of the total selection 
response (section 2.3.4). Where X-linked loci are of large effect, the fixation of 
selected alleles would result in observed changes in genetic variance. As reviewed in 
section 2.3.3, during the course of selection of the P-lines, analysis showed a rapid 
drop in the genetic variance during the course of selection, and the fixation of the X-
linked loci of the large effect in the population may have contributed significantly to 
the change in genetic variance. 
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2.4.3 Variability of the X-chromosome 
The X-chromosome has been shown to be more stable than the autosomes, with 
lower mutation rates (Ohno, 1967). Ohno (1967) postulated that the X-chromosome 
has been conserved in toto in the evolution of mammals, which is supported by 
similarities in size, banding patterns, and the conservation of X-linked gene sequences 
between mammals (Ohno, 1967; Brockdorff ci al., 1991; Blair & Boyd., 1994). 
Less variation at restriction sites on the X-chromosome compared to the autosomes 
has been observed (Hofker etal., 1986; Mullins etal., 1988). Analysis by Hofker et 
al. (1986) showed the frequency of X-chromosome restriction fragment length 
polymorphisms (RFLPs), per base pair investigated, was three times lower than on the 
autosomes, and this difference was highly significant (P<0.001). Dietrich ci al. (1994; 
1996) also observed a clear deficit in the number of microsatellite markers isolated on 
the X-chromosome (assuming random distribution of markers throughout the 
genome) and quantified the under-representation in markers to be 57%. Similar results 
were found by Dib et aL (1996) in the human genome (75% of expected polymorphic 
sites). Data indicated that the marker deficit observed was primarily due to a shortage 
of microsatellite loci rather than lower rates of polymorphic sites (Dietrich ci al., 
1996). 
It was suggested by Hofker ci al. (1986) that the hemizygous state of the X-
chromosome in males may result in a reduction in the number of new mutations 
(which may result in fewer genomic marker sites, as well as lower rates of 
polymorphism at marker sites). The lower mutation rates may be a result of 
The absence of X-chromosome recombination in males, resulting in a reduction in 
one possible source of new mutations relative to the autosomes. 
Spermatocytes acquire more mutations than oocytes because of greater number of 
cell divisions in gamete maturation of the sperm. As males are hemizygous for the X- 
chromosomes, and this implies that 1/3 of X-chromosome are replicated via 
spermatogenesis and 2/3 replicated by the lower mutation rate oogenesis. 
The factors influencing the mutation rate differentially in males and females may lead 
to the presence of fewer microsatellite loci as well as lower rates of polymorphism at 
microsatellite sites on the X-chromosomes. 
The under-representation of polymorphic sites on the X-chromosome, and lower rates 
of polymorphism at the marker loci are problematic when mapping QTL in the X-
chromosome, particularly in fine resolution mapping as this relies on a dense marker 
map. The lower number of markers available poses the first problem as the map 
density of markers on the X-chromosome is lower than the autosomes, and this is 
further exacerbated by the lower rates of polymorphism at marker sites. A 
consequence of these observations is that a larger number of marker loci must be 
investigated to identify polymorphic X-linked marker loci compared to autosomal 
marker loci. 
2.4.4 X-chromosome Mapping Experiments 
Mapping quantitative trait loci on the X-chromosomes is achieved by the same 
methods used to map loci on the autosomes: by the association of phenotypic traits 
with regions of the chromosome in a segregating population. Due to the hemizygous 
state of the X-chromosome in males, a number of special considerations must be 
examined when mapping X-linked loci. 
Using crosses between two inbred lines, examination of the heterogametic sex (which 
will be considered as the male) provides a simple method to detect a large effect of 
the sex chromosomes on quantitative traits. The reciprocal F 1 crosses between inbred 
lines are genetically identical except for the sex chromosomes, so examination of the 
F 1 heterogametic sex provides a useful test for the presence of loci of interest on the 
X-chromosomes (Hastings, 1990; Hagger & Stranzinger, 1992). Mapping 
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experiments normally utilise segregating populations (1 7 2 or BC I) but for X-linked loci 
segregation does not occur in the heterogametic sex. Considering an F 2 cross, 
recombination will occur in only F 1 females, therefore a recombinant X-chromosomes 
from the dam only is passed on to the F 2 progeny. Mullins etal. (198 8) discussed the 
merit of using males only in analysis as unequivocal segregation of X-linked loci could 
be followed in the hemizygous animals. A result of the hemizygous state of the X-
chromosome in males is that males provide greater power to detect QTL compared to 
females. If the QTL is assumed to have an equal effect in both males and females, the 
percentage of the total phenotypic variance explained by the QTL is greater in males 
than in females. The power to detect QTL is strongly influenced by the percentage 
variance explained by the QTL (Lander & Botstein, 1989; Darvasi etal., 1993). 
The additional power to detect QTL in males is of obvious benefit when attempting to 
map an X-linked loci, and experimental design should attempt to exploit the greater 
power to detect QTL in the males. Unfortunately, the advantages in mapping X-linked 
QTL in practise are partially off-set by poor distribution of marker loci on the X-
chromosome (Dietrich etal., 1994, 1996; Hofker et al., 1986; Dib etal., 1996) and 
lower rates of polymorphism at isolated marker loci (Dietrich etal., 1996). 
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CHAPTER 3 
Materials and Methods 
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3.1 DNA Extraction 
Extraction of genomic DNA from spleen tissue 
DNA extraction from spleen tissue samples was carried out on frozen tissue fragments 
of approximately 2mm3 . The spleen fragment was homogenised in 0.5m1 spleen buffer 
(1.OM NaCl, 10mM Tris pH 8.0, 25mM EDTA pH 8.0, 0.5% SDS) with 200g ml -1  
proteinase K in a 1.5 ml snap top tube using a custom made homogeniser, 
complementing its shape. This mixture was incubated at 37°C overnight with gentle 
mixing. Care was taken to keep all implements clean between samples to avoid 
contamination. 
Following incubation, 100tg ml - ' RNAaseA (DNAase free) was added to the mixture 
and incubated for a further 2 hours at 37 0 C. The final stage of digestion was the 
addition of 200kg ml' proteinase K, and incubation over night. 
Following the digestion stages, where the majority of protein is removed by digestion 
with proteinase K, phenol-chloroform extraction was carried out to remove the 
remaining protein impurities. The digested sample was transferred to a 2m1 screw top 
ependorif tube containing 0.5ml saturated phenol. This mixture was inverted (shaken) 
for 20 minutes. The mixture was allowed to settle and 0. 5m1 chloro/isoamylalcohol 
added (24:1 chloroform:isoamylalcohol) the isoamylalcohol inhibits any remaining 
RNAase activity (Sambrook et al., 1989). The mixture was then centrifuged at 3600 
rpm for 10 minutes. The top 0.5m1 aqueous phase was removed into a new screw top 
tube, and the organic phase and interface were discarded. A further 
phenol: chloroform extraction was carried out as outlined above, using 50:50 
phenol: chloroform, total volume 1.25 ml. Purification of the sample was carried out 
using chloroform extraction, which removes any lingering traces of phenol from the 
nucleic acid purification. Two extractions (0.8ml chloroform) rotating for 10 minutes 
and spinning for 5 minutes were carried out, before precipitation of the DNA. The 
final supernatant was added to lml 100% ethanol, and the mixture was shaken 
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vigorously to precipitate the DNA. The precipitate was spun at 3600 rpm for 20 
minutes to form a pellet. The liquid was removed from the tube, and the pellet washed 
in 70% ethanol and allowed to dry. The dry DNA pellet was re-suspended in 300p.l 
lx TE (Tris-EDTA buffer) pH 8.0. The DNA samples were diluted by a standard 
ratio: 20j..tl DNA sample + 200il double distilled filtered H 20 (dd H20), which yields 
approximately 50ng I' DNA. 
Genomic DNA extraction from ear clip samples 
Ear clips were taken at weaning for identification purposes as part of the standard 
procedure. Genomic DNA extraction from ear clip tissue samples precludes the need 
for an additional procedure to obtain DNA and therefore reduces potential stress to 
the animals (tail clipping is the standard method to obtain tissue samples for DNA 
extraction from living animals, and it requires animals to receive a general 
anaesthetic). 
At weaning two ear clips were taken from each animal using the standard genetics 
mouse house ear clipper. To avoid contamination between ear clips, all traces of hair 
and tissue were brushed from the ear clippers. The two ear clips, approximately 2mm 
in diameter, were placed in a 1.5m1 snap top tube and stored at -20°C prior to 
extraction. The ear clips were digested in 200p1 tail buffer (03M NaAc pH 9.0, 
10mM Tris pH 7.9, 1mM EDTA pH 7.0, 1% SDS) with 200tg mr' proteinase K. The 
mixture was incubated at 37°C overnight with gentle mixing. Following digestion the 
sample was first extracted in 200tl saturated phenol for 15 minutes, and then 
centrifuged at 3 600rpm for 10 minutes. Subsequent to the phenol extraction stage the 
top layer was extracted in 100 ji! phenol and lOOpi chloroform. The final. extraction 
stage was a single chloroform extraction carried out in order to remove traces of 
phenol from the sample; where 200pi of chloroform was added to the aqueous layer, 
mixed for 5 minutes, then centrifuged for 5 minutes. The aqueous layer was removed 
and added to 500pi of 100% ethanol. The DNA was precipitated as described in the 
previous section, washed in 70% ethanol, and re-suspended in 30pi 1.OxTE. 
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To investigate the possibility that contamination could occur between samples when 
the ear clips were taken, the protocol was tested using the following procedure. Two 
culled mice (one from the high selection line, and one from the low selection line) 
were used to obtain two ear clips successively from high and low line individuals. The 
ear clips were taken in a recorded order so that if contamination was present the point 
at which it occurred could be identified. A total of five sets of ear clips were obtained. 
Genomic DNA was extracted from the ear clips using the protocol described above, 
and then genotyped at the marker DXIVIII5O, (Protocol 1, section 3.2). The genotypes 
obtained are shown in Figure 3. 1, and indicate that there was insufficient 
contamination between samples to cause incorrect genotypes to be recorded. 
Streamlined Genomic DNA extraction from ear clip samples 
Streamlining of the protocol used to extract DNA from ear clips was carried out in 
order to reduce the materials used and decrease the time required to extract DNA for 
PCR. Following the digestion stage as outlined above, the majority of protein is 
removed by digestion with Proteinase K. The digested sample was simply added to 
5001.Ll 100% ethanol and shaken vigorously to precipitate the DNA. The precipitated 
DNA sample was looped out using a ipi disposable plastic loop (Merck, UK), and 
left to dry in a 1.5 ml screw top ependorif tube. When dry, the sample was re-
suspended in 40pi 0.1 xTE. All DNA samples extracted from ear clips were diluted by 
a standard ratio of 15pi DNA sample + 30pi double distilled filtered H 20, which 
yields sufficient DNA for PCR amplification 
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Figure 3.1 Validation of the method of obtaining genomic DNA samples using ear 
clips taken from individuals at weaning. Genotypes were obtained for marker 
DXMIt5O using the DNA from high and low line mice. HIL show the positive 
controls, HILSP  are spleen sample DNA controls for the two animals used, and HJL 
show the ear clip samples in the order taken. 
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3.2 PCR amplification protocol 
Protocol 1. 
Individuals were genotyped at simple sequence length polymorphism (SSLP or 
microsatellite) markers using the polymerase chain reaction based on the protocol 
described by Dietrich et al. (1992). Genomic DNA was amplified at microsatellites 
using the following reaction mixture: 
1 p1 genomic DNA 
0.8.tl forward (20pM) primer 
0.8tl reverse (20pM) primer 
2.0pi dNTP stock (made from 1 part of 100mM dATP, dCTP, dGTP, dTTP 
and double distilled filtered H 20, diluted 1:10 with dd H20) 
2.0pl lOx PCR buffer (Promega, UK) 
variable M902, typically 1.25mM final concentration (25mM stock) 
dd H20 to make total reaction volume 2Opi 
0. 125 p1 Taq Polymerase (0.625u) per reaction 
Reactions were overlaid with 20p1 light mineral oil and amplified using an OmniGene 
PCR machine (Hybaid, UK). The PCR thermocycling protocol was: 
Ix 94°C for 3 min 55°C I min 72°C 30sec 
32x 94°C for 30sec 55°C 1mm 72°C 1mm 
Ix 94°C for 30sec 55°C 2n-ii 72°C 5mm 
Following PCR amplification 8p1 Ficoll/Bromophenol blue buffer (17% Ficol, 0. 1M 
Tris, 0. 1M EDTA, 0.1% Bromophenol Blue) was added. This acts as a 'stop' buffer 
to prevent any further reaction, and as a loading dye. Products were run on 20cm long 
vertical running polyacrylamide gels for 3-4 hours at 155 Volts. 
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Gels were typically 6% polyacrylamide: 




130.tl 10% ammonium persuiphate 
Gels were visualised after ethidium bromide staining. The gels were stained for 
25mins in 500 ml 50p1 r 1 ethidium bromide (stock 10mg ml'), visualised under ultra 
violet light, and photographed using professional black and white instant film 
8.5x10.8cm (Polaroid, UK). 
Considerable streamlining of procedures was carried out to allow more efficient and 
economic genotyping of individuals. Many procedures have been adapted to utilise an 
8 channel pipette (Dynatech Laboratories, Ltd). Genomic DNA samples were stored 
in 96 well sample boxes (Beckman, UK), and PCR reactions were amplified in flexible 
96 well microtitre plates (Hybaid, UK). Loading of gels also utilised the 8 channel 
pipette, where custom made gel combs were designed so that tip array corresponds to 
alternate teeth in the gel comb. 
Protocol 2. 
Additional modifications were made to Protocol 1 PCR reaction protocol. These 
modifications further reduced the time required to set up each reaction, in addition to 
enabling substantial reductions in the reagents used. These modifications have resulted 
in more economical genotyping of the animals. 
Changes to the standard PCR reaction protocol were based on the protocols reported 
by Routman & Cheverud (1994). The 55°C annealing temperature previously used in 
the thermocycling protocol was reduced to 50°C. This was carried out in conjunction 
with a 50% reduction in the reaction mixture volume, i.e. the total reaction volume of 
201.11 used in Protocol 1 was reduced to 101.11. Ficoll buffer was no longer added to the 
reaction mix after the PCR reaction, instead 1/5 volume loading dye (60% sucrose, 
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1.0mM cresol red) was added to the reaction mixture prior to PCR amplification. A 
typical reaction mix was: 
0.5tl genomic DNA 
0.4pi forward primer 
0.4jil reverse primer 
1 .0itl stock dNTP (as above) 
1.0.d lOx PCR buffer (Promega, UK) 
2.0pi loading dye 
variable M902 Typically 1.25mM final concentration (25mM stock) 
dd H20 to make total reaction volume 1 Opi 
0.0625ji1 Taq Polymerase (0.625u) per reaction 
The addition of the loading dye prior to the PCR reaction reduces pipetting effort, and 
seems to facilitate weak PCR reactions (Routman & Cheverud, 1994). Products were 
run on 6% polyacrylamide gels at 200 volts for 1.5 to 2 hours, and visualised as 
described above. 
All genotypes were scored on at least two separate occasions to minimise incorrect 
genotypes. Pedigree information (where available) also provided a means to detect 
genotypes which were incorrect. Due to the mode of X-linked inheritance a number of 
genotypes were not possible in the F 2X generation, e.g. heterozygous genotypes for 
male individuals. Where discrepancies were identified, further investigations were 
carried out and, where necessary, PCR reactions were repeated. 
3.3 Mouse Husbandry 
All mating pairs were set up using individuals of a minimum age of 6 weeks. During 
the breeding period all mating pairs were maintained on Rat and Mouse No. 3 
Breeding Diet (Special Diets Service, UK). At birth all litters were adjusted to a 
maximum litter size of 12 pups per litter. The records taken during the mating period 
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were: the date of birth, the number of pups born, and the adjusted number of pups. All 
mating pairs were maintained for up to four parities, and the parity number was 
recorded for all litters. 
All animals were weaned at 3 weeks, when records taken were the total number of 
pups, and the number of males and females weaned. At weaning, individuals were 
given ear marker identification, separated into single sex cages, and maintained in 
groups of up to 10 individuals on Rat and Mouse No. 1 Modified Maintenance Diet 
(Special Diets Service, UK). At weaning, litter mates of the same sex were kept 
together. If animals were small at weaning, all animals in the cage were given access 
to wet mashed diet on the cage floor. 
3.4 Estimation of carcass fat percentage 
Carcass fat percentage was estimated in all individuals using the dry matter content of 
the carcass (section 2.3.3). Partially thawed animals were prepared for freeze drying 
by scoring the skin surface (including the tail), and making deep cuts to the rib cage 
and skull (this facilitated complete drying of the carcass). The prepared animals were 
placed in groups of 2-3 in foil containers with identification and re-frozen. Completely 
frozen animals in batches of approximately 50 animals were dried under high vacuum 
for 72 hours. Fat percentage was estimated according to Hastings & Hill (1989) 
where: 
freeze dried fat percentage = [(freeze dried weight/dead weight) x b -a] x 100, 
where a=0.302 and b= 1.13. This relationship was determined in the F-lines at 
generation 20 of selection; for further information see section 2.3.3 
3.5 Statistical Analysis 
Sex linked effects in the reciprocal F 1 generation 
Body weights were recorded for the reciprocal F 1 populations described in Chapters 4 
and 6. The mean body weight of males and females in the reciprocal halves of the F 1 
generation were compared to test for the sex linked effect previously observed at 
generation 31 and 38 of selection in the P6 lines (Hastings, 1990; Hastings & 
Veerkamp, 1993; section 2.3.4). Using Restricted Maximum Likelihood (REMIL) in 
Genstat 5.3 (Genstat 5 Committee, 1993), body weights recorded in the reciprocal F 1 
cross were analysed fitting sex nested in dam line genotype (i.e. dams from either low 
or high line) using the model below: 
Yjiki = It + SO ji + Dk + ftWk + 
where: 
Y1JkI = the observations on the lth individual (of the reciprocal F 1 generations 
described in Chapter 4 and 6) 
= overall mean 
SOjj = fixed effect of the ith sex nested within thejth line origin of the dam 
Dk = random common environmental effect associated with the kth dam 
13 = the linear regression coefficient of Y on the number weaned (Wk) from the litter 
of the kth dam 
eJk1 = the residual error associated with the lth individual 
Model Evaluation 
A number of fixed and environmental effects were recorded during data collection as 
part of the routine procedure in the maintenance of the mouse populations 
investigated in this study (for examples of the effects recorded, see section 3.3). To 
determine the importance of individual terms in the models for different phenotypic 
traits a likelihood ratio statistic was calculated by the REML directive in Genstat 5.3 
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(Genstat 5 Committee, 1993). The statistic used tests a fixed model against a nested 
sub-model. This test provides log likelihoods calculated from the same projected data 
set, using the same random model, but with designated fixed effects constrained to 
zero. The difference in log likelihoods therefore gives a likelihood ratio test statistic: - 
2(L 1-L0), where L 1 is the overall likelihood of the full model, and L0 is the likelihood 
for the nested sub model with effects restricted to zero. The null hypothesis for this 
test is that the effects restricted to zero are not significant in the model (P>0.05). This 
test statistic has an asymptotic chi squared distribution with degrees of freedom equal 
to the number of degrees of freedom in the fixed model term constrained to be zero in 
the sub-model (Genstat 5 Committee, 1993). 
Using the example of the model testing for sex linked effects in the reciprocal F 1 
generation (described above), but assuming data on first and second parity litters were 
available. To determine the importance of parity in the model, the effect associated 
with the fixed effect of parity would be constrained to be zero in the nested sub 
model: 
Sub model: 	Yijklm = it + SO + D + I3.W + eijkjm, 
Full fixed model 	Yijklm = + SO1  + Dicm + 13 Wicm + Pm + eijklm, 
where: 
Yijklm = the observations on the lth individual of the reciprocal F 1 generation 
p. = overall mean 
SOij = fixed effect of the ith sex nested within the jth line origin of the dam 
Dk = random common environmental effect associated with mth parity litter of the kth 
dam 
13 = the linear regression coefficient of Y on the number weaned (W) from the mth 
parity litter of litter of the kth dam 
Pm = the fixed effect of the mth parity 
eijkl = the residual error associated with the /th individual 
53 
The number of degrees of freedom of the test statistic would be one (as first and 
second parity litters were recorded). The importance of the term in the model would 
be determined by the likelihood ratio test statistic: -2(L 1 -L0), such that if the test 
statistic was greater than 3.84 (x2  P<0.05, with ld.f.) the fixed effect of parity would 
be significant. If the test statistic was less than 3.84 the fixed effect of parity would be 
dropped from the model. 
The analytical methods described above will be referred to in later chapters. In 
addition to the methods described in this section, additional statistical analysis will be 
described in greater depth in later chapters. 
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CHAPTER 4 
Single marker analysis of a reciprocal F2 population to map the 
putative QTL for body weight on the X-chromosome 
4.1 INTRODUCTION 
As reviewed previously (section 2.3.4), investigation of the basis of response to 
selection in mouse lines divergently selected for body weight suggested a large 
contribution to the total divergence by the X-chromosome. An experiment was 
undertaken to confirm the existence of the putative X-linked QTL using molecular 
genetic techniques. Phenotypic records and DNA samples were available from an 
experiment set up to investigate the basis of response by segregation analysis in the P6 
mouse lines. The experiment was not set up with the purpose of mapping the putative 
X-linked QTL discussed in section 2.3.4. Using the material and data available, the 
results of mapping the putative X-linked QTL will be presented. 
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4.2 MATERIALS AND METHODS 
4.2.1 The F2 Population mating structure and measurements taken 
A reciprocal F2  generation had been set up using foundation animals from generation 
45 of selection of the P6 lines (by Dr. I. M. Hastings). The P6 line animals were used 
to form a reciprocal F 1 generation with eight F 1 families used in each reciprocal half 
From this F 1 generation a reciprocal F 2 generation was established representing all 
possible combinations 




where FIlL = F 1 individuals with high selection line dams and low selection line sires 
and LH = F 1 individuals from the reciprocal F 1 matings. F 1 parents were selected in 
order to represent each F 1 family in equal frequency. The F 2 generation comprised of 
195 animals (100 females, 95 males) from 20 families (first parity litters only). 
Records of 6 and 10 week weights were taken on all individuals in the pedigree. 
Spleen tissue samples were taken from all F 2 individuals. DNA samples were not 
available from the P6 high and low line parents and the F 1 parents. 
4.2.2 Genotyping of Animals 
Genomic DNA was extracted from spleen tissue fragments from each of the F 2 
individuals using the protocol described in section 3.1. DNA extracted from eight high 
and low line females from generation 51 of selection were used to identify 
polymorphic markers (samples were not available from parental individuals in 
generation 45 of selection). All individuals were genotyped at micro satellite markers 
(using Protocol 1, section 3.2) to detect variation between the high and low lines at 
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molecular markers. All F 2 individuals were genotyped at the polymorphic markers 
isolated (see Table 4.2) using Protocol 1 of section 3.2. 
4.2.3 Analysis 
F, Phenotypic Data Analysis 
Records of 6 and 10 week weights were analysed to test for the sex linked effect 
previously observed in the P and P6 selection lines (section 2.2.4). Analysis was 
carried out using the model described for the reciprocal F 1 data in section 3.6. The 
model included only effects which were significant (P<0.05). 
Single Marker Analysis 
The importance of individual terms in the model for analysis of F 2  body weight data 
was ascertained using the method described in section 3.6 for model evaluation. The 
final model used for analysis of 6 and 10 week weights was: 
Y1jkj =J.1+MS J +Dk + ftWk +eIJkJ , 
where: 
Yijki = the phenotype of 6 and 10 week weights on the lth individual 
= overall mean 
MS, = fixed effect of the ith marker genotype within thejth sex 
D = random common environmental effect associated with the kth dam 
13 = the linear regression coefficient of Y on the number weaned (Wk) from the litter 
of the Icth dam 
e j = the residual error associated with the lth individual 
Analysis of F2  data to determine the association between the QTL and markers was 
carried out using REIVIIL in Genstat 5.3 (Genstat 5 Committee, 1993). 
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4.3 RESULTS 
4.3.1 Estimation of sex linked body weight effects in the F 1 generation 
The mean body weights of the males and females in the two reciprocal halves of the 
F 1 generation were compared to investigate if the sex linked QTL effect described 
previously (section 2.3.4) could be identified. Contemporaneous high and low line 
individuals were not available for comparison. Analysis of the 6 week weight data 
showed there were differences between the mean body weights of males and females 
in both reciprocal halves of the F, generation, significantly so in the high line dam 
reciprocal half (P<0.05 using a Student t-test). The males were 5.6g heavier than 
females in the high line dam reciprocal half, and 2.5g heavier in the low line dam 
reciprocal half. Using the relationship described in section 2.3.4, the size of the sex 
linked effect can be estimated from the mean body weights of the males and females: 
(HxL: A — Aa) — (LxH: a — Aa), 
where HxL represents the F 1 reciprocal half (dam shown first in crossing 
nomenclature), Aa are the F 1 females, and a and A are the F 1 males. The estimated sex 
linked effect was therefore 3. 1  at 6 weeks. 
Table 4.1 Mean body weight (g) at 6 and 10 weeks of reciprocal halves ofFi P6 line 
crosses. Dam shown first in crossing nomenclature 
Weight Sex LxH s.e. No. HxL s.e. No. 
6 week female 21.9 1.69 20 20.3 1.58 25 
male 24.4 1.70 19 25.9 1.59 26 
10 week female 26.4 1.02 20 24.6 0.94 25 
male 29.6 1.03 19 34.1 0.93 26 
s.e. = standard error of mean, No.= number within class. 
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The estimated mean body weights at 10 weeks show there were significant differences 
in body weight between the males and females within the two reciprocal halves of the 
F 1 generation (P<0.05), where the mean body weights of males were 3.2g and 9.5g 
greater than females in the low line and high line dam reciprocal halves respectively. 
Using the relationship described above the estimated sex linked effect was 
approximately 6.3g for 10 week weight. The estimated sex linked effects at 6 and 10 
weeks are of a similar magnitude to those shown previously (Hastings, 1990; Hastings 
& Veerkamp, 1993). 
4.3.2 Rates of polymorphism on the X-chromosome 
An example of products obtained from PCR amplification of the microsatellite loci 
(DX!v11125) are shown in Figure 4.1. The results show the genotyping of DNA 
obtained from the eight high and low line females of generation 51 of the P6 selection 
line. 
Initial genotyping of the test females from the high and low lines (section 4.2.2) at 42 
microsatellite marker loci showed only 12 loci to be polymorphic (29%), indicating 
low rates of polymorphism at the X-linked marker loci tested. Of the 12 polymorphic 
loci isolated none were found to be fixed at different alleles in the high and low lines. 
From these 12 polymorphic loci, seven markers produced consistently scoreable PCR 
products (see Table 4.2). These markers were used to genotype all F 2 individuals. The 
remaining five informative markers could not be consistently scored. 
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Figure 4.1 An example of a Gel photo showing the eight high and low line females 
from generation 51 of selection genotyped at the marker loci DXrvfit25. The gel 
shows females from the low line are all homozygous for the same allele 
(approximately 184 base pairs (bp)), the high line individuals H 2 and HS are 
homozygous for the 170bp allele, and the remaining high line females are 
heterozygous. 
4.3.3 Single marker analysis of F 2 data set. 
The mean body weights (±S.D.) in the F 2 generation were 25.29g ± 5.74 and 21.99g 
± 4.97 at 6 weeks, and 3) 1.24g ± 7.15 and 27.1lg ± 5.70 at 10 weeks in males and 
females respectively. These two traits were highly correlated, having a residual 
phenotypic correlation of r0.86 (trait values corrected for sex and number weaned 
per litter). 
M. 
Table 4.2. Mean marker associated body weight (g) at 10 weeks, and number of 
animals within each group (shown in italics). Standard errors of means are shown in 
parenthesis. The map positions were taken from the Chromosome Committee (Mouse 
Genome Informatics, 1996). 
Marker Map Males Females 
Position a A aa Aa AA 
DXMit55 1.5cM 30.8 (0.6) 31.9 (0.7) 26.6 (0.8) 28.2 (1.3) 27.2 (0.6) 
61 39 30 53 12 
DXAfit5O 11.0cM 29.6(0.6) 33.2(0.6) 25.8(1.1) 27.9(0.7) 26.9(0.6) 
53 47 14 49 32 
DX/vIit25 27.8cM 29.0 (0.7) 32.4 (0.6) 26.5 (0.7) 27.7 (0.7) 26.9 (1.3) 
66 34 46 40 9 
DXA'11t16 36.0cM 27.7 (1.0) 31.9 (0.5) 26.4 (3.7) 27.3 (0.5) 26.4 (1.1) 
15 85 2 13 80 
DXA4it64 36.5cM 29.6(0.9) 31.7(0.5) 26.7(2.0) 27.2(0.5) 26.9(0.9) 
22 78 4 19 72 
DXAJ1I79 44.5cM 30.8 (1.0) 31.3 (0.5) 26.2 (1.3) 27.1 (0.6) 27.8 (0.9) 
15 85 13 24 58 
DXI'vIit38 48.0cM 30.2 (0.6) 33.7 (0.7) 26.7 (0.7) 28.9 (1.1) 27.1 (0.7) 
69 31 13 37 45 
aa and AA are the homozygote marker genotypes in females predominant in the 
low and high line respectively, and a and A are corresponding the hemizygote marker 
genotypes in males. 
The mean 10 week body weight of males and females associated with the markers 
genotyped on the X-chromosome are shown in Table 4.2. All high line marker 
genotypes (marker alleles predominant in the high line test females) have positive 
marker associated effects. In the males, the marker associated mean body weights at 
low line marker alleles range between 27.7g at marker DXA'Iitl6 and 30.8g at markers 
DXIVIIt55 and DX/v11t79. For the high line marker alleles the mean body weight ranges 
between 3 1.3g at marker DXIvIit79 and 33.7g at marker DXIvIit38. 
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One of the assumptions for the single marker analysis is that the marker and QTL are 
fixed for different alleles in the base population, i.e. the F 1 female parents are 
heterozygous at the markers and QTL. As the parental DNA is not available for the F 2 
population, it is not possible to determine if the F 1 females were all heterozygous for 
marker alleles. However, if all F 1 females were heterozygous at all marker alleles, in 
the reciprocal F 2 generation the ratio of marker alleles would not deviate significantly 
from a 1:1 ratio. The marker allele frequencies observed in the F 2 population (with the 
exception of marker DXIVI1I5O) suggest that the marker allele frequencies were 
significantly different (P<0.05) from the 1:1 segregation ratio expected in a cross 
between lines where markers are fixed at different alleles in the base population (using 
a X2 test with ld.f.). 
In the females, the homozygote marker associated QTL effects at 10 week weight are 
25.8-26.7g at low line marker alleles, and 26.4-27.8g at high line marker alleles. The 
mean body weights associated with all heterozygous marker genotypes (with the 
exception of marker DXLvIit79) show higher mean body weight than mean body 
weight associated with high line marker genotypes. If we assume a single QTL on the 
X-chromosome, this relationship suggests over-dominance of the marker associated 
QTL effect. 
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Figure 4.2. Illustration of the mean marker associated QTL effects at 10 week weight 
for markers along the X-chromosome. The additive effects represent half the 
difference between the homozygote females, and half the difference between the 
hemizygous males. Map positions were taken from Chromosome Committee (Mouse 
Genome Informatics, 1996). The error bars represent the standard errors associated 
with the estimates. 
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The results presented in Figure 4.2 show the mean marker associated QTL effects for 
10 week body weight at different positions on the X-chromosome. No significant 
marker associated QTL effects were detected in the females (P>0.05). The estimates 
of additive marker associated QTL effects were low, ranging from 0.8g at marker 
DXMit79 to less than 0. 1  at markers DXI'vIitl6 and DXIVI1I79, and these estimates 
were associated with high standard errors of 0.7-2.8. The dominance deviations were 
positive at all markers, but like the additive estimates, none of the estimates were 
significantly different from zero. In the males significant marker associated effects 
were detected at all marker loci with the exception of markers DXMit55, DXLvI1I64 
and DXIvIit79. The magnitude of the effects at markers DXA'1i150 and DXA'11125 at the 
proximal end of the X-chromosome were approximately 1.8g. A similar size effect 
was associated with the marker DXlkIi138 at the distal end of the X-chromosome. The 
highest effect was associated with marker DXLvIit]6 at 3 6c with an effect of 2.1g. 
Similar relationships as outlined above were observed in the analysis of 6 week weight 
data using the model described in section 4.2.3 (data not shown). In general, smaller 
estimated marker associated QTL effects were seen at 6 week weights than 10 week 
weights. The standard errors associated with estimates were also lower compared to 
standard errors associated with 10 week weight estimates. None of the markers which 
did not show significant effects in the analysis of 10 week weight showed significant 
associated effects when analysed with 6 week weights. 
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4.4 DISCUSSION 
4.4.1 The reciprocal F 1 generation and sex linked effects 
The 6 and 10 week weight data from the F 1 generation were analysed to determine if 
the sex linked effect observed previously (see section 2.3.4) could be isolated in this 
F 1 population. The mean body weights of males were heavier than females in both 
reciprocal halves of the F 1 generation at 6 and 10 weeks, but the difference was larger 
with high line dams. Using the relationship described (section 4.3. 1) the estimated sex 
linked effect was 3.1 g at 6 weeks and 6.3g at 10 weeks. Both estimates of the sex 
linked effects are of a similar magnitude to those estimated previously at 6 and 10 
weeks (Hastings, 1990; Hastings & Veerkamp, 1993). Therefore, as discussed earlier, 
mean body weights of males and females from the reciprocal F 1 generation in this 
study support the hypothesis proposed by Hastings (1990) of a major effect for body 
weight being present on the X-chromosome. 
When the X-linked effects are expressed as a mean of the F 1 male body weight (as the 
sex linked effect is expressed only in males in the F 1 generation) the percentage 
contribution is approximately 12% at 6 weeks and 20% at 10 weeks. 
4.4.2 Polymorphism on the X-chromosome 
The initial genotyping of high and low line test females presented in section 4.3.2 
indicate low rates of polymorphism at microsatellite loci on the X-chromosome. The 
genotypes indicate only 29% of marker loci investigated were polymorphic, and these 
results support previous observations in mice (Dietrich et al., 1994,1996). Dietrich et 
al. (1996) presented results showing the average pairwise polymorphism rates among 
Mus musculas laboratory strains investigated were approximately 50%, but 
polymorphism on the X-chromosome was significantly lower at only 33%. A 
consequence of low rates of polymorphism at marker loci is that a greater number of 
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marker loci need to be investigated to isolate polymorphic marker loci for QTL 
mapping. In addition to the lower rates of polymorphism at isolated marker loci, there 
is also an under-representation of isolated marker loci on the X-chromosome in mice 
(Dietrich etal., 1994, 1996) and man (Dib etal., 1996; Hofker etal., 1986). The 
poor distribution of markers on the X-chromosome exacerbates problems of low rates 
of polymorphism at isolated marker loci. Isolation of informative marker loci on the 
X-chromosome is therefore considerably harder than on the autosomes. Hofker et al. 
(1986) suggested that lower mutation rates in the hemizygous male are responsible for 
the poor distribution of marker loci on the X-chromosome (see section 2.4.4). 
4.4.3 Estimated marker associated QTL effects in the F 2 population 
The mean body weights associated with the marker genotypes were high for all 
markers predominant in the high selection line compared to the low selection line 
marker genotypes. This relationship was observed in both males and females. The F 2 
data show significant additive effects associated with all markers in the F 2 males at 10 
weeks with the exception of DXLvIit55, DXMEt64 and DXIYIIt79. In females the 
additive and dominance effects were positive but not significantly different from zero. 
The trend in females showed the additive effects were considerably less than those 
estimated in males, although the difference was not significant (P>0.05). 
Expressing the marker associated effects at marker DXA'Iit5O (this marker was chosen 
as its segregation ratio did not deviate significantly from a 1:1 ratio and it was 
associated comparatively high effects in both males and females) as a percentage of 
the total mean body weight will give an indication of the total contribution of the 
marker associated effects. The marker associated effects (the difference between the 
homozygote female genotypes and hemizygote male genotypes) explains 
approximately 11% and 4% of the mean body weights at 10 weeks in males and 
females respectively. The estimated percentage contribution of the marker associated 
effects at DXJvIi50 are considerably less than the total X-linked effect estimated in the 
F 1 generation and estimated previously (Hastings, 1990; Hastings & Veerkamp, 
1993). However, this may be as expected due to the inability to determine informative 
markers in the F 2 generation 
Analysis of data using single marker analysis assumes that the marker and putative 
QTL are in complete linkage. To establish marker-QTL linkage, it must be possible to 
trace the origin of markers unequivocally to either the high or low line, which is not 
possible in this data set. In an F 2 generation derived from a cross between two lines 
when marker loci are segregating within lines (as in this population), informative 
markers can be determined by genotyping all animals in the F 2 pedigree, i.e. parents of 
the F 1 and F2  generations. Tissue samples for DNA extraction were not available from 
parents of the F 1 and F2 generations to enable fully informative loci within litters to be 
determined. 
Regardless of the inability to determine fully informative marker loci, the marker 
associated effects still indicate a QTL present on the X-chromosome. Large 
significant effects were associated with 4 of the 7 markers genotyped on the X-
chromosome in males. If there was no QTL segregating in the F 2 generation we 
would not expect to observe such large (and significant) marker associated effects. 
4.4.5 General discussion of results 
The results obtained from the F 1 analysis support previous evidence of a putative QTL 
for body weight on the X-chromosome. The analysis of F 2  data show support for this 
hypothesis, but, full interpretation of the results of F 2  data set is not easily achieved. 
Analysis of this data could be carried out effectively by Gibbs sampling, where 
estimates are conditioned on all possible marker genotypes weighted by their 
conditional probabilities. The Gibbs sampling would enable full analysis of the data, 
but the method is complicated, and computationally demanding. In addition to the 
problems associated with analysing the F 2 data set, the power of this data set to map 
QTL will be limited by the density of the marker map and the level of informative 
marker data. The map density could be increased by isolating additional markers 
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segregating in the F 2 population, but since full interpretation of the results of this F 2 
generation is difficult without complex analysis, it was decided that the most 
appropriate expenditure of additional resources would be to repeat the F 2 experiment. 
In the repeated F 2 population (Chapter 6, referred to as the F 2X population), DNA 
samples were available for all individuals in the pedigree, parental lines and F 1 , 
allowing fully informative marker loci to be determined. The F 2X population also 
enabled the contribution of carcass fat percentage to the X-linked QTL for body 
weight to be investigated. 
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CHAPTER 5 
Adaptation of autosomal QTL analysis to enable analysis of X-linked 
data 
5.1 INTRODUCTION 
The results of the analysis of reciprocal F 1 generations (Hastings, 1990; Hastings & 
Veerkamp, 1993; Chapter 4) show a strong indication of an X-linked QTL for body 
weight in the divergently selected P6 mouse lines. In addition to the findings of 
Hastings (1990) and Hastings & Veerkamp (1993), analyses of an F 2 generation of the 
P6 mouse lines using single markers (Chapter 4) also indicate X-linked QTL for body 
weight. 
As discussed in section 2.2.2, QTL analysis in segregating populations using single 
markers, although simple to implement, has a number of shortcomings leading to the 
inability to accurately estimate QTL effects and position. To address these problems, 
an analysis using marker intervals to estimate QTL position and effects was developed 
(Lander & Botstein, 1989). 
To date, statistical methods for mapping QTL in segregating populations have been 
developed almost exclusively for autosomal data (section 2.2.2). Due to the X-
chromosome being hemizygous in males, a number of special points must be 
considered when mapping X-linked QTL. This Chapter will outline the analysis 
developed specifically for X-linked data, and provide validation of the method using 
simulated data. 
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5.2 MATERIALS AND METHODS 
5.2.1 Development of an X-linked Multiple Regression Analysis 
An X-linked multiple regression analysis was developed based on the autosomal 
multiple regression method of Haley & Knott (1992). Initial development and testing 
considered a cross between two inbred lines; the method was further developed for a 
cross between two non-inbred lines, which will be discussed later in this chapter. The 
basic method considers a reciprocal cross between two inbred lines, with a QTL (Q) 
positioned between two co-dominant flanking markers (A and B). The two inbred 
lines were assumed to carry different alleles at all three loci, 
e.g. 	Dam: A2A2Q2Q2B2B2 x Sire: A 1Q 1B 1 , 
and 	Dam: A 1A1 Q 1 Q 1B 1B 1 x Sire: A2Q213 2 . 
These crosses produce 5 possible QTL genotypes in the F 2 , three female genotypes 
Q2Q2, Q1Q2, and QiQi  and two male hemizygous genotypes Q2  and  Qi.  The 
phenotypes of the 5 QTL classes were assumed to have the same variance and to be 
normally distributed or could be transformed to be so. The mean genotypic effects in 
the F2 (with additive terms estimated in males and females separately) were set as, 
m+af for QiQi 	 rn+am for Qi 
m+d for Q2QI 
m-af for Q2Q2 	 m-a,,, for Q2, 
where rn was the mid-parent (mean of the homozygote females and hemizygote 
males), af is the additive deviation in females (half the difference between the 
homozygotes), am  is the additive deviation in males (half the difference between the 
hemizygotes), and d is the dominance deviation in females only. 
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The recombination distance between A and Q was rA and Q and B was TB. 
A---------Q--------B 
4- TA ---> 4-TB+I 
r 	-*1 
The recombination distances between the two markers was r, which was assumed to 
be known, or could be calculated from marker data prior to analysis. For all analyses 
it was assumed there was no crossover interference, thus: 
r = TA+ TB - 2TATB. 
Haldane's (1919) mapping function was used to convert distances (x) in Morgans to 
recombination fractions, r = 0.5(1-e 2'). 
The expected means of the F 2 individuals for each flanking marker genotype 
combination can be derived in terms of recombination distances between markers and 
putative QTL genotypes. The calculations of expected marker genotype means for the 
putative QTL were considered for the male and female parent separately, in order to 
account for the hemizygous state of the X-chromosome. The following example 
shows the derivation of the expected mean in terms of QTL genotype for a female F 2 
individual with homozygote flanking marker genotype A 1A 1 B IB,. 
The homozygote female flanking markers genotype: 	A 1 A 1 B IB,, 
the possible female parent gametes were: 	 A 1 Q 1 B 1 	A 1 Q2 B 1 , 
these occurred with expected frequency: 	 (1 -TA)( 1- TB)/2 	TATB/2 . 
The male parent gamete A 1  Qi B 1 has expected frequency of 0.5 as the only other 
possible combination within the F 2 population is A2Q2B2 . The female homozygotes of 
marker genotype A 1A 1B 1B 1 have an expected frequency of (1-r)/4 in the F2 
population. 
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The expected frequencies of the 3 possible QTL genotypes with marker genotype 
A1A1B 1B 1 are therefore: 
QiQi (1-rA)(1- rB)!4 
QLQ2 rArW4 
Q2Q2 0. 
Summing over the QTL genotypes, and scaling for expected frequencies of marker 
genotypes, the expected mean performance of an F 2 female of homozygous marker 
genotype A 1A1 B 1B 1 is: 
m + a (1 -TA)( 1 rB)/(  1 -r) + d rArB/( 1 -r), 
where a is the coefficient of additive genetic deviation and d is the coefficient of 
dominance genetic deviation. The same procedure can be followed to derive expected 
mean performance for male F 2 individuals. For example the male hemizygous marker 
genotype A1B 1 has expected frequency of (1-r)12 in the F2 population. The expected 
frequencies of the two possible QTL genotypes in the F2 generation are: 
Q 	(l-rA)(l- rB)!2 
Q2 	rArB! 2 . 
As with females, summing over QTL genotypes and scaling for the expected marker 
frequencies, the expected mean performance of an F 2 male with hemizygote marker 
genotype A1B 1 is: 
m + a [(l-rA)(l- rB)-(rArB)11(l-r). 
(d=0 as the X-chromosome is a hemizygous in males, therefore no dominance 
deviation can arise). For the expected mean performance of males and females the 
same mean (m) was used, as it is assumed that the fixed effect of sex fitted in the 
analysis removes variance due to sex (although this is not necessary if males and 
females are analysed separately). The male parent is not considered when estimating 
mean performance in the F 2 males, as there is no contribution of the X-chromosome 
from the male parent. The coefficients of a a f and din terms of recombination 
fractions for each of the 12 possible flanking marker combinations (4 males, and 8 
females) on the X-chromosome in an F 2 population are shown in Table 5.1. 
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Table 5.1 Expectations of mean genotypic effects of an X-linked QTL for all possible 
marker genotypes in a reciprocal F2 population. 
Sex Marker Coefficients of 
genotypes a (additive genetic deviation) d (dominance genetic deviation) 
Male A1B1 [(1 -rA)( 1 -rB) - (rArB)I/( 1 -r) - 
A1B2 [(l-rA)rB- rA(l-rB)1/r - 
A2B 1 -[(1-rA)rB-rA(l-rB)]/r - 
A2B2 -[(1 -rA)( 1 -rB)-(rArB)]/( 1 -r) - 
Female A1 A1B 1B 1 [(1 -rA)( 1 -rB)1/( 1 -r) [rArB]/( 1 -r) 
(A1B 1 A1A1B 1B2 [(1 -rA)rB]/r [rA( 1 -rB)1/r 
male A1A2B 1B 1 [rA ( 1 -rB)1/r [(1 -rA)rB]/r 
parent) A 1 A2B 1B2 [rArB]/( 1 -r) [(1 -rA)( 1 -rB )1/( 1 -r) 
Female A1A2B 1B2 -[rArB]/(  1 -r) [(1 -rA)( 1 -rB )1/( 1 -r) 
(A2B2 A1A2B2B2 -[rA(l -rB)]/r [(l-rA)rB]/r 
male A2A2B 1B2 -[(1 -rA)rB ]/r [TA( 1 -rB)]/r 
parent) A2A2B2B2  -[(I -rA)( 1 -rB )1/( 1 -r) [rArB]/( 1 -r) 
The numerical values of the expectations of a f, am and d were calculated for each 
flanking marker genotype using programs written in 'C'. For a given marker interval, 
a regression of the phenotypic value onto the numerical values of additive and 
dominance terms were carried out at putative QTL positions (e.g. 1cM intervals all 
along the chromosome). The regression calculations were made using Genstat 5.3 
(Genstat 5 Committee, 1993). The estimates of additive and dominance genetic 
deviations were obtained at each putative position. A test statistic was used to obtain 
a likelihood curve for the QTL position along the chromosome. 
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The test statistic (TS) used has been shown to provide a very close approximation to 
the likelihood ratio test (Haley & Knott, 1992), 
TS = n loge (RSS reduced RSS fill'), 
where n is the number of individuals in the analysis, RSS reduced is the residual sum of 
squares (RSS) of the regression with no QTL parameters fitted, and RSS fu ll is the 
RSS with the QTL parameters fitted (Haley & Knott, 1992). This test statistic is 
asymptotically distributed as x2  with degrees of freedom (d.f) equal to the d.f full 
model minus d.f reduced model. In the model described above, fitting the numerical 
values of the coefficients of a m, af, and d, the number of d.f. is 3. The null hypothesis 
used in the analysis was that there was no QTL or variance explained by the marker 
interval tested. The likelihood ratio test can be converted to LOD scores by division 
by 2(loge10). 
A model for analysis of two OTL 
As shown by Haley & Knott (1992) the model to test for the presence of one QTL, 
against the null hypothesis of no QTL present on a chromosome, can be extended to 
test for two QTL (with the null hypotheses of one QTL or no QTL). The two QTL 
model simply searches the chromosomes in two dimensions, testing every possible 
combination of positions for the two QTL. The significance of the two QTL model 
was determined from the change in the test statistic for two QTL vs. one or no QTL. 
5.2.2 Autosomal multiple regression analysis 
To allow evaluation of the comparative power of X-linked and autosomal data and 
methods of analysis, programmes were also written to calculate the expectations in 
terms of a and d genetic deviations for autosomal linked marker data. The coefficients 
of additive and dominance genetic deviations in terms of recombination fraction for 
each of the nine possible marker combinations are shown in Table 5.2 taken directly 
from Haley & Knott (1992). 
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Table 5.2. Expectations for the mean genotypic effects of an autosomal QTL for all 




a (additive genetic deviation) d (dominance genetic deviation) 
A1 A1B 1B 1 [(1-rA)2(1-rB)2 - TA2 rB ]/(1-r)2 [2rB(1-TB) rB(1-rB)]!(l-r) 
A1 A 1 B 1B 2 {(1-r A)2 rB(1-rB) -rA rB(lrB)]/r(l [rA(1-rA)(1-rB)2 +rA(l-rA) rB]!r(l - 
r) r) 
A1A1 B 2B2 [(1-rA)2 TB - TA (1-rB) ]! r2 [2rA(l-TA) rB(1-rB)1/ r2 
A1A2 B 1B 1 [rA(1-rA)(1-rB) 2 —rA(l-rA) TB]! r(1- [(1-rA)2 rB(1-rB) + rA rB(l - 
r) rB)]/r( 1-r) 
A1A2 B 1B2 0 [TA2 TB2  + rA(1-rB) +(1-TA) 2 rB2 
+ (1-TA)2(1-TB)2]/[ r +(1-r) 2] 
A1A2 B 2B2 [TA(1-TA)rB2 - TA(1-TA)(1-TB)2]! T(l- [(1-TA)2 TB(l -TB )+TA2 TB (l-TB)]Ir(l - 
T) T) 
A2A2 B 1B 1 [TA2(1-TB)2 - (1-TA)2  TB 2]! T2 [2TA(1-TB) TB(l -TB)]/ 1 2 
A2A2 B 1 B2 [TA2 TB( 1-TA) —(1-TA) 2 TB(1TB)]! [TA(1-TA)(1-TB)2 +TA(1-TA) rB 2]!r(1- 
r(1-T) T) 
A2A2 B2B2 [TA2 TB2 - (1-TA)2(1-rB)2]/(l-T)2 2TA(l-TA) TB(1TB)]!(l-T) 
The estimates of a and d, and calculation of the test statistic were carried out using 
the same methods as outlined in the previous section for X-linked analysis. 
5.2.3 Simulated data sets 
A number of different simulated data sets were generated to determine the 
effectiveness of the analytical methods described in section 5.2.1 and 5.2.2. The 
simulation programs were written in 'C', using the basic simulation protocol: 
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n F 1 parents were simulated with m marker loci with known map distances in 
Morgans. QTL(s) were simulated at xcM from the first marker on the chromosome, 
such that parents of the F 1 carried QTL alleles which differed by  phenotypic 
standard deviation units in the base population. The phenotypic trait values were 
generated given the individuals' QTL genotype and a random error term representing 
environmental (non-genetic) noise, such that the phenotypic measurements generated 
were normally distributed. The additive and dominance terms in the females were 
generated independently from the male additive terms. A reciprocal F 2 generation, 
e.g. 	Dam: A2A2Q2Q2B2B2 x Sire: A 1Q 1B 1 , 
and 	Dam: A 1 A1Q 1Q 1B 1B 1 x Sire: A2Q2132 , 
was derived from the simulated F 1 population, with recombination events in the F 1 
females being generated at random with no crossover interference. The litter size 
simulated in the F 2 population was 10, and each sex was represented equally. In the 
simulations all parameters could be varied readily. 
Simulated populations were also generated with autosomal linked QTL. These 
simulations were the same as the X-linked simulations in all respects, with the 
exception that additive and dominance terms for males and females were not 
generated independently and recombination events were generated in the male and 
female F 1 parents. 
5.2.4 Thresholds and confidence intervals for QTL detection 
As discussed in section 2.2.3, the calculation of thresholds for QTL detection is a 
complicated statistical issue. For the purpose of this study, the threshold used for 
QTL detection was set at a TS of 14, which is approximately equal to a LOD score of 
3 (commonly used by human geneticists (Lander & Botstein, 1989)). The validity of 
the threshold used for QTL detection will be discussed in greater depth in section 
5.4.2. 
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The confidence intervals for QTL detection were calculated using the one-LOD drop 
method (Lander & Botstein, 1989). This method estimates the confidence interval by 
a drop of 1 LOD score from the maximum LOD score obtained, which is 
approximately equal to a 95% CI for QTL position (Lander & Botstein, 1989). The 
one-LOD drop method is equivalent to a drop in test statistic of 4.6. Ideally, in a 
simulation study, empirical CI would be calculated. It was decided that as a result of 
the low number of replicated simulations analysed (50 replicates), calculation of 
empirical confidence intervals would be inappropriate and results would be misleading 
due to the small number of replicate simulations. 
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5.3 RESULTS 
This section will present the results of simulated data analysed using the X-linked 
regression method (section 3.2. 1) and the autosomal regression method (Haley & 
Knott, 1992). Unless otherwise stated, the results presented show the mean values of 
50 replicated simulations. The simulations were restricted to 50 replicates, due to the 
computational time requirements of Genstat 5.3 (Genstat Committee, 1993). 
The objective of the simulation studies carried out in this chapter was to check the 
validity of the X-linked multiple regression method in estimation of QTL position and 
effects, and explore the specific properties of the X-linked regression method 
compared to the autosomal regression method of Haley & Knott (1992). 
5.3.1 The effects of population size on QTL detection 
As outlined in section 2.2.4, population size affects the power of QTL detection, 
where (given that there is a QTL present), power represents the probability of 
detecting the QTL. Simulations were generated to show the effect of varying the 
population size on the power to detect a QTL with an additive effect of a = ±0.25 
phenotypic standard deviations in both males and females, and no dominance 
deviation. A QTL of this size explains 4.7% of the phenotypic variance in an F 2 
population using the relationship: 
2 	 2 
X-linked F2 phenotypic Variation 
= a f + a m 
4 	2 
where aj/  is the additive variance contribution from the females, and 	is the 
additive variance contribution from the males. Simulations were carried out for 
population sizes of 200, 350, and 500 animals. An 80cM chromosome was simulated 
with marker spacing of 10cM, with the first marker at 0.0cM. The QTL was simulated 
at 35cM from the first marker. 
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Figure 5.1 shows the mean likelihood curve for QTL detection for the three 
population sizes simulated. The mean test statistic obtained from the simulation with 
200 animals failed to reach the significance threshold of 14, as the 50 replicate 
simulations produced a maximum mean TS of 13.0. Using the population sizes 350 
and 500, results of analysis show maximum mean TS of 17.1 and 25.7 respectively. 
As expected, the population size of 500 F 2 individuals shows a marked improvement 
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Figure 5.1. The effect of varying population size on the mean test statistic of 50 
replicate simulations. The QTL was simulated at 35cM with additive effect a±0.25 in 
males and females, no dominance deviation was simulated. 
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Table 5.3. Mean results of parameter estimates over 50 replicate simulations with 
varying population size. The QTL was simulated at 35cM with additive effect of 
a=±0.25 in males and females, with no dominance deviation. Mean standard errors of 
estimates are shown in parenthesis. 
Population Mean QTL Estimated QTL estimates: 
size position 95% CI am 	af 	 d 
200 34.0cM 47 	c 0.27(0.11) 	0.26(0.14) 	-0.05(0.21) 
350 34.5 cM 35 cM 0.25 (0.08) 	0.24 (0.11) 	0.02 (0.16) 
500 35.5 cM 24 cM 0.26 (0.06) 	0.26 (0.09) 	0.03 (0.13) 
Estimated 95% CI represents the length of the CI for QTL .position. 
The parameter estimates obtained from simulations are shown in Table 5.3. The 
results show that the QTL position estimates were close to the simulated QTL 
position for all population sizes. The estimates of QTL size were also good over all 
population size simulations. The mean estimated QTL effects were not significantly 
different from the simulated QTL effects of a=±0.25 and d0, and the standard errors 
associated with the estimated QTL effects are lower for males than females in all 
population sizes. Increasing the population size resulted in smaller estimated 
confidence intervals and lower standard errors associated with estimates. Using the 
threshold for QTL detection of a test statistic of 14, a population size of 200 enabled 
QTL to be detected in 44% of replicates, in a population size of 350, QTL were 
detected in 70% of replicates, and with a population size 500, QTL were detected in 
92% of replicates. Investigation of the percentage of simulations in which QTL were 
detected (i.e. reaching the significant threshold of TS 14) shows clearly that increasing 
population size results in an increase in power to detect QTL. 
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5.3.2 QTL detection and the effect of marker spacing 
The effect of marker spacing was investigated in a population size of 350, with a QTL 
of additive effect a = ±0.25 in males and females. The marker spacings investigated 
were 10cM, 20cM and 40cM with the first marker simulated at 0.0cM (i.e. for marker 
spacing 40cM one marker at either end of the chromosome and one in the middle). 
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Figure 5.2. The effect of marker spacing on the mean TS obtained for 50 replicate 
simulations of population size of 350 with QTL of additive effect of a= ±0.25 
phenotypic standard deviations, no dominance deviation was simulated. 
The effect of varying marker densities on QTL detection are presented in Figure 5.2 
and Table 5.4. The mean likelihood curves show that the mean TS and standard errors 
of estimates do not vary greatly over the three marker spacings for a QTL of a±0.25 
phenotypic standard deviations. Examination of the percentage of replicate 
simulations analysed which reached the threshold for QTL detection shows at the 
marker density of 40cM, 60% of replicates reach the significance threshold of TS 14. 
At the marker spacings of 20cM and 10cM, QTL were detected in 66% and 70% of 
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replicates respectively. The mean estimated QTL position at the marker spacings of 
10cM, 20cM and 40cM were close to the simulated QTL positions. The estimated 
confidence intervals for QTL positions rose dramatically with decreased marker 
density, the CIs estimated were 30cM, 43 c and 51cM for the marker densities 
10cM, 20cM and 40cM respectively. 
Table 5.4. Mean results of parameter estimates over 50 replicate simulations, with 
varying marker density. Mean standard errors shown in parenthesis. 
Marker Mean QTL Estimated QTL estimates: 
density position 95% CI a,, af d 
10cM 34.5 cM 30 	c 0.25 (0.08) 0.24(0.11) 0.02 (0.16) 
20cM 36.0cM 43 cM 0.25 (0.08) 0.27 (0.11) 0.02 (0.16) 
40cM 33.5cM 51 	c 0.24(0.08) 0.25(0.11) 0.03(0.16) 
The results obtained from the analysis of different marker densities show little increase 
in the maximum TS with the increased marker density. The low variability in the 
maximum TS may have been influenced by the simulated QTL positions. In all 
simulations the QTL were at 35cM, and this position was only ScM proximal to the 
nearest marker at 40cM. To investigate the effect of the vicinity of simulated QTL to 
the nearest marker, simulations were set up with different QTL positions. 
5.3.3 The effect of QTL position in relation to marker position on the power of 
QTL detection 
To investigate the effect of the simulated QTL position in relation to the marker 
position, an 80cM chromosome was simulated with 20cM marker spacing (the first 
marker was simulated at 0.0cM). A QTL of additive effect a± 0.25 phenotypic 
standard deviations was simulated at 30cM, 32.5cM, 35cM and 37.5cM (no 
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Figure 5.3. The effect of simulated QTL position in relation to marker loci positions 
on the mean test statistic obtained over 50 replicate simulations. The population size 
simulated was 350 animals, with marker spacing 20cM, and QTL effects of a=± 0.25 
in males and females, and no dominance deviation was simulated. 
Comparison of the mean likelihood curves show that the mean test statistic at the 
most likely QTL position increases as the QTL is simulated in closer linkage with the 
nearest marker (it should be noted that the QTL search was carried out at 1cM 
intervals). The mean estimated QTL positions were 37cM, 36cM, 3 2c and 31cM 
for the simulated QTL positions of 37.5cM, 35cM, 32.5cM, and 30cM respectively. 
The increase in mean TS was associated with a modest increase in power. The 
percentage of simulations in which QTL analysis reached the significance threshold of 
TS 14, were 70% at simulated QTL position 37.5cM and 62% at simulated QTL 
position 30.0cM. The mean estimated QTL effects were not significantly different 
from those simulated at all simulated QTL positions. 
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5.3.4 Comparison of X-Linked and autosomal data analysis 
An initial comparison of X-linked and autosomal data was carried out using simulated 
additive effects of equal size in both X-linked and autosomal data sets, and dominance 
deviations were set to zero. The X-linked and autosomal multiple regression methods 
were used as described in sections 5.2.1 and 5.2.2. It was noted that an additive effect 
of a = ±0.25 explained 4.7% of the phenotypic variance for an X-linked QTL, and 
3.1% of the phenotypic variance in an F 2 generation with an autosomal linked QTL. 
To account for this difference in the comparison, 50 replicate simulations of 350 
animals with an X-linked additive effect of a = ±0.25 and an autosomal additive effect 
of a = ±0.306 were simulated. These simulated QTL effects explain approximately 
4.7% of the variance (averaged over the sexes) in both X-linked and autosomal data 
sets. These simulations were considered to be a more valid comparison of the power 
of X-linked and autosomal linked QTL data and analysis. The replicate simulations 
were made with marker spacings of 10cM (the first marker at 0.0cM) with the QTL 
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Figure 5.4 Comparison of the mean likelihood profile of X-linked and Autosomal data 
explaining equal phenotypic variance in the F 2 . The QTL was simulated at 35cM in a 
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population size of 350 animals. Results presented are the mean values over 50 
replicate simulations. 
Comparison of analyses of X-linked data and auto somal data with QTL simulated 
explaining 4.7% of the phenotypic variance in the F 2 population, show that X-linked 
data give higher mean test statistic over the 50 replicate analysis than the autosomal 
data (Figure 5.4). Investigation of the power of X-linked data compared to autosomal 
data showed the X-linked data to be more powerful for QTL detection than 
autosomal data with a simulated QTL explaining the same percentage of phenotypic 
variation in the F2 population. Using the significant threshold of TS 14, analysis of X-
linked data detected QTL in 70% of the replicates, whereas in autosomal data QTL 
were detected in 64% of replicates. Both X-linked and autosomal analyses provided 
estimates of QTL effects and positions close to the simulated QTL parameters (not 
significantly different from those simulated). 
5.3.5 Investigation of different modes of inheritance 
To investigate the relative power of X-linked QTL with additive, dominant, and 
recessive inheritance, simulations were set up to determine the relative power for 
these modes of inheritance. Fifty replicate simulations were analysed with a QTL 
simulated with effect of a =±0.25 phenotypic standard deviations in a population size 
of 350 animals, and marker density of 10cM (the first marker simulated at 0.0cM). 
The QTL were simulated with additive, complete dominance, or complete recessive 
inheritance. Table 5.5 shows the expected means of the QTL effects in males and 
females. 
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Table 5.5. The X-linked QTL genotypes found in an F 2 population, with mean realised 
QTL effects for additive, dominant and recessive QTL. 
Sex QTL genotype Mean effect 
Additive (d=O) Dominant (d=+a) Recessive (d-a) 
Female QiQi rn+a rn+a rn+a 
Q2Q 1 and Q 1 Q2 rn+O rn+a rn - a 
Q2Q2 rn-a rn - a rn - a 
Male Qi rn+a rn+a rn+a 
Q2 rn - a rn - a rn - a 
The results presented in Figure 5.5 and Table 5.6 show the relative performance for 
the three modes of inheritance. Mean parameter estimates presented in Table 5.6 
show that all estimates were close to those simulated. The differences between mean 
estimated and simulated QTL effects were not significant, and the estimated QTL 
positions were also close to the simulated QTL position (35cM). The mean likelihood 
curves presented in Figure 5.5 illustrate that the results obtained from analysis of the 
dominant and recessive QTL were very similar, with both curves showing higher 
mean TS than in the additive QTL analysis. The relative power of QTL detection in 
population with dominant and recessive QTL was greater than those with additive 
QTL, with 78% of the replicates with dominant or recessive QTL reaching the 
significant threshold of TS 14, compared to 70% of the replicates simulated with 
additive QTL. 
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Table 5.6. Mean results of parameter estimates over 50 replicate simulations, with 
simulations set up to investigate the power of X-linked analysis. Mean standard errors 
shown in parenthesis. 
Marker Mean QTL QTL estimates: 
density position am af d 
Additive 34.5 cM 0.25 (0.08) 0.24(0.11) 0.02 (0.16) 
Dominant 36cM 0.26 (0.08) 0.25 (0.11) 0.21 (0.16) 
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Figure 5.5 The effect of QTL action on the mean test statistic obtained from X-linked 
regression analysis. Comparison of additive, dominant and recessive QTL inheritance. 
5.3.5 Analysis of two QTL 
To investigate the performance of the model for analysis of two QTL, a single 
simulation of a 120cM chromosome with 20cM marker spacing was made (the first 
marker being simulated at 0.0cM). Two QTL were simulated at 30cM and 90cM both 
with an effect of a=±0. 5 phenotypic standard deviations. The two QTL were 
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simulated such that the parental lines carried the QTL loci in association (i.e. one 
inbred line carried both decreasing alleles, and the other carried both increasing 
alleles). The likelihood curve obtained from the analysis using the model fitting one 
QTL (Figure 5.6a) shows multiple peaks with no clear position for the QTL. The 
model fitting two QTL is shown in Figure 5.6b; the likelihood surface enables the two 
simulated QTL to be distinguished. In both models the null hypothesis of no QTL on 
the chromosome was used. The estimated QTL positions were the same as the 
positions simulated, and the estimated QTL effects obtained at the most likely QTL 
positions were not significantly different from the simulated QTL effects. Estimates 
obtained were: 
30cM 	 am = 0.56 (0.08) 	af = 0.68 (0.16) 
	
d= 0.13 (0.18) 
90cM 	 am O.67 (0.09) 	ac = 0.22 (0.17) 
	
d= 0.18 (0.18) 
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Figure 5.6. Likelihood profiles obtained from analysing two simulated QTL using 
models fitting one QTL (Fig. a) and two QTL (Fig. b). The QTL were simulated at 
30cM and 90cM both with additive effect of a=±0.5 phenotypic standard deviations, 




5.4.1 Effects of Population Size and Marker Spacing on QTL detection 
The effect of population size on the ability to detect QTL was clearly illustrated by the 
results of simulations outlined in section 5.3.1. Greater population sizes give greater 
power to detect QTL; a higher percentage of significant QTL detection over 
replicates, and show a higher mean TS. The larger populations give better estimates 
for QTL parameters (lower s.e.) and lower estimated confidence intervals for QTL 
position. 
Simulation studies by van Ooijen (1992) showed that for an autosomal QTL 
explaining 5% of the total variance, a population size of at least 400 was needed to 
result in reliable QTL detection (P<0.20). For the purpose of this study, QTL of 
similar contribution to the total phenotypic variance were simulated, explaining only 
4.7% of the phenotypic variance of the F 2 generation. Over the 50 replicates a 
population size of 500 enabled QTL to be detected in 92% of simulations. With the 
population size of 200, the detection rate was only 44%. These results support 
observations that population size has a dramatic effect on QTL detection (Lander & 
Botstein, 1989; van Ooijen, 1992; Darvasi et al., 1993; Darvasi & Soller, 1994). 
Large population sizes are required to reliably detect QTL with small percentage 
contribution to total variance in the F 2 generation. For a QTL explaining 4.7% of the 
phenotypic variation, a large population size (e.g. 350-500 individuals) would be 
required to reliably detect the QTL. QTL with larger effect can be detected reliably in 
small population sizes, as a result of the greater contribution of the QTL to the total 
F2 phenotypic variance (this was not illustrated in this study). 
The results obtained from simulations with different marker densities showed that the 
mean TS was not dramatically affected by different marker densities, with the 
maximum TS varying between 19 and 16 over all marker densities. However, the 
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power of QTL detection was affected, with only a 60% detection rate at 40cM 
marker density, rising to 68% and 70% at 20cM and 10cM respectively. Simulations 
with a 40cM marker density showed greater variation in maximum TS (data not 
shown), resulting in a high mean TS, but poor overall QTL detection rate. 
The QTL position was accurately estimated at 40cM, 20cM and 10cM map densities. 
As stated in the results section, for all simulated map densities the QTL was simulated 
5cM proximal to the nearest marker at 40cM. The results of the simulations outlined 
in section 5.3.3, where QTL were simulated at 2.5cM, ScM, 7.5cM and 10cM 
proximal to the nearest marker at 40cM (with marker density of 20cM), showed the 
power of the QTL analysis was increased as the QTL was simulated in tighter linkage 
with the nearest marker. These results indicate that the relative power of different 
marker densities was influenced by the position of the QTL with respect to the nearest 
marker. This suggests that the power of QTL detection at the three marker densities 
investigated would be reduced to a greater degree at the wider marker spacing if the 
QTL were simulated in the middle of the marker intervals at all marker densities 
investigated. 
Darvasi & Soller (1994) suggested that increasing population size will increase power 
for QTL detection more efficiently compared to increasing marker densities in most 
experiments. As a result of this finding, they suggest the use of wide marker spacings 
for initial studies to detect marker QTL linkage. These authors proposed that the 
optimal marker spacing, in economic terms, is a function of the ratio (c) between cost 
of genotyping an individual at a single marker, and the cost of raising an individual for 
an F2 design. Darvasi & Soller (1994) suggest that for mouse QTL mapping, the cost 
of rearing and trait scoring an individual is 100 times the cost of scoring an individual 
marker (c=0.01). Simulation studies showed that for a backcross population with a 
QTL of 0.5 S.D units, with a type I error rate of 0.05 the optimal marker spacing for 
c=0.01 was approximately 30cM for a population size of 700 individuals. The results 
obtained in this study also indicate that genotyping animals at wide marker spacing 
would be effective at determining linkage between QTL and regions of the genome 
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when the QTL is of large effect. When linkage was detected (or when suggestive 
linkage was detected (e.g. P<0.20), more markers could then be genotyped to 
increase the TS and narrow the CI for QTL position. 
The simulation studies carried out in this chapter provide evidence to support the 
findings of Darvasi & Soller (1994). Table 5.5 shows the total number of genotypes 
required per simulated data set, and the power of different population sizes and 
marker densities simulated in this study (power representing the total number of 
simulated data sets analysed which reached the significance threshold of 14, expressed 
as a percentage of the total simulations analysed). 
Table 5.7. The mean power and genotyping requirements for simulations generated in 
this study. 
Population size Marker density Power (%) Number of genotypes 
200 10cM 44 1800 
350 10cM 70 3150 
500 10cM 92 4500 
350 20cM 68 1750 
350 40cM 60 1050 
Comparison of the simulated population sizes of 350 show that the increase in power 
between marker densities of 40cM and 20cM was 8%, and this required an additional 
700 genotypes. Between the marker densities of 20cM and 10cM the increase in 
power was 2%, which require an additional 1400 genotypes. Examination of the 
results obtained for varying the population size showed that an increase in power of 
26% and 22% was obtained between the population sizes of 200 and 350, and 350 
and 500 respectively, and the corresponding change in number of genotypes was 1350 
in both cases. Although we did not observe the changes in QTL detection rate at 
different marker densities for population sizes of 200 and 500 F 2 individuals, the 
results suggest that the increase in power for different the population sizes was 
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dramatic for the corresponding changes in genotyping requirements, when compared 
to the relationship observed in simulated data sets with different marker densities. The 
conclusions drawn from this study regarding the relationships between marker 
densities and population size, and the question of the most effective means to 
maximise power, rely on the assumption that the relationship between power and 
number of markers investigated follow the same trends within population size. 
The findings of Darvasi & Soller (1994), and to a limited extent the findings from this 
study, suggest the use of low marker densities in large populations is most effective 
for the initial scanning of the genome for marker-QTL detection. When significant 
marker-QTL linkage is detected additional makers can be added to refine the QTL 
position estimate. Clearly, the marker spacing used initially will be dependent on 
population size and the size of the QTL effect. 
The results of simulations to compare additive, dominant and recessive QTL action 
are as expected. Table 5.5 shows the QTL classes in males and females and the QTL 
effect associated with each genotype for the additive, dominant and recessive QTL. If 
we consider a QTL of additive effect, little information will come from the female 
heterozygote QTL classes (Q2Q1  and Q1Q2)  as the estimate of d0 and will not 
contribute to the overall genetic variance. Therefore much of the information in the 
females will come from the homozygous QTL genotypes QiQi  and Q2Q2.  In males 
both QTL classes contribute to the overall power, regardless of the QTL action. The 
greater power of the recessive and dominant QTL occurs due to additional 
information from the heterozygote females, where d= ± a (increasing the overall 
genetic variance explained by females as the dominance genetic variance is greater 
than zero). The extra information results in the increased (and equal) power for the 
dominant and recessive QTL detection. 
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5.4.2 X-linked data and analysis: specific properties compared to autosomal 
data and analysis 
The results in which simulated QTL explain equal F 2 phenotypic variance in X- 
linked and autosomal data showed that the analysis of X-linked data is more powerful 
for the detection of QTL, producing a higher percentage of QTL detected over 
replicates and a higher mean TS. Figure 5.6 shows the results of 50 replicates of 
analysis using simulated X-linked data with a QTL with additive effect of a==±1 .0 
phenotypic standard deviations at 35cM. The population size in the 50 replicate 
simulations was 350 animals with a marker density of 10cM (the first marker 
simulated at 0.0cM). The top curve shows results of combined analysis of F 2  males 
and females, and the bottom curves show the contribution of the sexes separately. 
120 
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Figure 5.7 Illustration of the contribution of male and female F 2 individuals to the 
total power to detect X-linked QTL. 
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The results presented in Figure 5.7 illustrates that when a QTL of equal effect in 
males and females is simulated, the males contribute greater power to QTL detection. 
There are two factors which may result in the difference in power observed between 
the sexes: 
When a QTL is simulated with equal additive effect in males and females, the 
variance explained by the QTL is greater in males than females. 
The number of QTL classes, and therefore mixing components that have to be 
estimated, are different between the sexes. In males there are only two QTL classes, 
in females there are three. It should be noted that within litter there are two female 
classes as only heterozygotes and homozygotes genotypes can occur in the F 2 
generation. 
To explore the contribution of the two specific components of X-linked QTL data 
outlined above, a simulation study was set up with QTL explaining equal variance in 
the males and females. A QTL was simulated explaining 4.7% of the phenotypic 
variance in males and females (a m = ± 0.217 and af = ± 0.306). The QTL was 
simulated at 35cM with marker density of 10cM in a population size of 350 animals, 
and 50 replicates were analysed. The results obtained were compared to simulated 
population carrying QTL explaining equal phenotypic variance, either simulated for 
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Figure 5.8 Comparison of the mean likelihood profile of X-linked and Autosomal 
QTL. The QTL were simulated at 35cM in a population size of 350 animals 
explaining equal phenotypic variance in the F 2  population. The X-linked data set (a) 
had the QTL simulated with equal additive effect in males and females, and the data 
set (b) had the QTL simulated with equal variance explained by the QTL in the males 
and females. No dominance deviation was simulated. 
The mean likelihood curves presented in Figure 5.8 show that the two X-linked data 
sets, X-linked (a) with simulated QTL explaining 4.7% variance averaged over sexes, 
and X-linked (b) with simulated QTL explaining 4.7% variance in males and females 
produce equal maximum TS. This indicates that the data provide equal power 
regardless of the distribution of the variance explained between the sexes. The results 
obtained from these simulations suggest that the additional power of the X-linked data 
analysis is likely to be a result of the number of mixing components which are 
estimated in X-linked analysis. This relationship has been used by van Ooijen (1992) 
to explain the greater power for QTL detection observed in first generation backcross 
populations compared to F 2  populations of equal size with QTL explaining equal 
variance (see Table 2.1). Analysis of simulated data with X-linked QTL explaining 
equal variance in males and females, where the contribution of the males and females 
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were separated, showed both sexes contribute equally to the power to the analysis 
(data not shown). 
The standard errors of estimated additive effects are lower for males compared to 
females in all simulations. This occurs as a result of the greater information in males 
available to estimated additive effects compared to females (see Table 5.5). 
Thresholds for autosomal and X-linked data sets 
It may be argued that the use of a common threshold for autosomal and X-linked data 
sets was not valid. The first argument suggests the use of a higher threshold for X-
linked QTL detection, as the X-linked method uses a greater number of degrees of 
freedom compared to the autosomal analysis. The threshold for X-linked analysis uses 
4 degrees of freedom (3 for the QTL effects and 1 for the QTL position) compared to 
3 d.f in the autosomal linked QTL (where male and female expectations of mean 
genotypic effects are not distinguished in the analysis). This argument suggests a 
higher threshold should be used in X-linked QTL analysis. Simulation studies 
comparing separate estimation of parameters in males and females for a QTL of 
additive effect and joint estimation, do not show a significant difference in TS 
obtained, where the likelihood curves for the two analysis were indistinguishable (data 
not shown). The only advantage in analysing male and female additive effects 
separately was the ability to estimate different additive effect in males and females. 
Therefore, analysis of these parameters separately (using an additional d.f) was not 
essential. Estimating the pooled additive effect for males and females would result in 
an increase in power due to a reduction of the number of d.f estimated in the 
threshold used. 
A converse argument can be made to set a lower threshold for QTL detection on the 
X-chromosome. When analysing autosomal data, the threshold for QTL detection 
considers a genome wide scan for QTL, regardless of the number of chromosomes 
mapped (19 autosomes in the mouse). The threshold for a genome wide scan is used 
as a result of there being no prior information to predict the location of the QTL. 
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When mapping QTL on the X-chromosome, information from phenotypic 
observations can provide evidence for X-linked QTL (Hastings, 1990; Hagger & 
Stranzinger, 1992), and this leads to a situation where the threshold used should only 
consider one chromosome. Lander & Kruglyak (1995) suggest that a reduction in TS 
threshold may be countenanced where strong prior evidence exists to restrict the 
search to one chromosome. 
As previously discussed, the formulation of thresholds for QTL detection is a complex 
issue, and beyond the scope for full consideration in this project. The use of a 
common QTL threshold for both data sets almost certainly provides a conservative 
threshold for X-linked QTL, where there is joint estimation of additive parameters. 
5.4.3 Performance of the two QTL Model 
The X-linked multiple regression analysis for mapping QTL was effective in 
distinguishing between two QTL at the large QTL effects simulated. This agrees with 
results obtained using two QTL model in the autosomal multiple regression method 
(Haley & Knott, 1992). The results shown in Figure 5.6b, indicate that when QTL 
were simulated at 30cM and 90cM, it was possible to estimate QTL positions and 
effects using the two QTL model (simulations with QTL positioned with closer map 
positions were not investigated). Simulation studies by Haley & Knott (1992) were 
used to investigate if the properties of the two QTL model, where two QTL were 
simulated in association in inbred lines (i.e. both increasing QTL alleles carried by one 
line and both decreasing alleles carried by the other inbred line) and two QTL were 
simulated in dispersion in the inbred lines (where each line carried one increasing and 
one decreasing QTL allele). The results showed that QTL mapping in these data sets 
using the one QTL model resulted in the mean TS being inflated in the association 
model and deflated in the dispersion model, and it was concluded that this was due to 
covariances between the linked QTL. Analysis using the two QTL model showed a 
marked improvement in fit of the model compared to the one QTL model when QTL 
were simulated 50cM apart. The estimates of the QTL parameters obtained were very 
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good for the two simulated QTL in association and dispersion. Further simulations 
showed QTL which were simulated 20cM apart were difficult to separate, and 
consequently the parameters were poorly estimated. The simulation study indicated 
that the two QTL model works effectively at separating two QTL on a chromosome 
when there is sufficient recombination between the two loci to break down the 
linkage. Using the results obtained by Haley & Knott (1992) when closely linked QTL 
are analysed, the multiple regression method will not be effective at estimating 
positions and estimates. 
5.4.4 General discussion and extension of method for non-inbred populations. 
The results of simulations shown in this chapter have illustrated that the X-linked 
regression analysis works as expected in the parameter set investigated, providing 
mean estimates of QTL effects and positions close to those simulated. The simulated 
data sets analysed indicated that the power of analysis varies with the population size 
and marker density in the same way as autosomal data and analysis, although the X-
linked data have been shown to provide greater power to detect QTL than autosomal 
linked QTL data explaining an equal percentage of the total phenotypic variance in the 
F2 generation. 
The analytical method described in this chapter is effective at estimating QTL effects 
and position for simulated populations derived from a cross between two inbred lines. 
However, the marker frequencies presented in Chapter 4 indicate that the mouse lines 
investigated in this study show segregation at marker loci within line. As a result of 
this finding, the analytical method described above was adapted to enable analysis of 
an F2 population where there was considerable segregation at marker loci within lines. 
Consider the following example of a reciprocal F 1 population derived from a cross 
between two lines where two marker alleles were segregating at marker loci within 
lines. The two lines differ considerably for the quantitative trait under investigation, 
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and it was assumed that the two lines were fixed for different QTL alleles. All 
individuals in the pedigree were genotyped at flanking markers (A and B): 
line 1 	line 2 
A 1 A2 B 1B 1 x A2 132 
U 
dam: A2A 1 B2131 
line 2 	line 1 
A1 A2 B2B2 x A, B2  
U 
X 	 sire: A 1 B2 
U 
F2 
The above example shows one possible combination of marker alleles in the pedigree 
of an F2 family derived from a reciprocal F 1 mating. In the cross illustrated there was 
segregation at marker alleles in the two lines (type 1 marker alleles were predominant 
in line 1, and type 2 marker alleles were predominant in line 2). The dam has inherited 
type 2 marker alleles from its sire, and type 1 marker alleles from its dam (the 
probability of type 2 marker allele being inherited from its dam was equal to the 
probability of the inheritance of type 1 marker allele). This results in the dam being 
fully informative at both markers A and B, where the origin of each marker can be 
traced unequivocally back to line 1 or line 2. Examination of marker loci inheritance 
shows that the sire has inherited both type 1 and type 2 marker alleles from its dam. 
Despite the inheritance of the marker allele A 1 from its dam, the sire was also fully 
informative at both loci. The sire is fully informative as males inherit only their X-
chromosome from their dam. Therefore, all progeny in the reciprocal F 2 generation 
are fully informative at both marker loci. 
As a consequence of the mode of inheritance of the X-chromosome, the analysis of a 
non-inbred F2 population was carried out using a similar method to the X-linked 
multiple regressiOn analysis for inbred populations. Informative marker loci in the F 2 
population were determined by the F 1 dam marker genotypes. For a given marker 
interval, informative flanking markers were determined, and coefficients of a m, af and 
d calculated for the interval. When individuals were not informative for markers at the 
extreme ends of the chromosome, a single marker analysis was used to provide 
information at all positions on the chromosome to be used in all individuals. Hence, 
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information, either by single marker analysis (at chromosome ends) or by flanking 
marker analysis, is available at all positions on the X-chromosome (between the 
extreme X-linked markers) for all individuals in the F 2 generation. 
The non-inbred regression analysis effectively combines all information present to give 
an estimate of QTL position and effects. In non-inbred data sets, F 2 individuals 
effectively have marker data at different marker spacings; as markers become 
uninformative, flanking marker spacings become wider. The power to detect QTL and 
accuracy of estimated positions, as for data from inbred populations, will be 
dependent on the population size, QTL effect, and marker spacing. The effect of 
marker spacing on power, accuracy of QTL estimates, and position will be a function 
not only of the number of loci genotyped in the population, but also the level of 
information at markers scored, i.e. how much uninformative data was present. 
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CHAPTER 6 
Mapping quantitative trait loci for body weight on the X-chromosome using the 
X-linked multiple regression method 
6.1 INTRODUCTION 
The results presented in Chapter 4 show strong support for the hypothesis of a QTL, 
of major effect on body weight, positioned on the X-chromosome in the P6 mouse 
selection lines. Parental DNA was not available for the F 2 population described in 
Chapter 4, which meant that fully informative marker loci could not be determined to 
allow QTL mapping analysis. To allow fully informative marker data to be 
established, a further F 2 experiment was set up with the objective of mapping the 
putative X-linked QTL of large effect. This population is referred to as the F 2X to 
allow the two F 2 populations to be distinguished. 
The F2X experiment will be presented in this chapter. The analysis of the F 2X data set 
is carried out using the non-inbred X-linked multiple regression method (Chapter 5), 
with the objective of estimating the number of X-linked QTL of large effect (see 
section 2.2.6), the size of their effects and their position(s). 
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6.2 MATERIALS AND METHODS 
6.2.1 The F2X Population 
A reciprocal F 1 population was set up between the P6 high selection line at generation 
52 of selection and the P6 inbred low line at generation 7 of inbreeding (established at 
generation 45 of selection). The aim of utilising an inbred low line was to reduce 
segregation at markers within the base population lines. An inbred high line was not 
available, due to difficulties encountered with generating such an inbred line. 
Fourteen F 1 matings were set up, with a total of seven families in each reciprocal half 
(female high (H) x male low (L), and female L x male H). Due to the poor 
reproductive performance in the F 1 matings, the F 1 individuals used as parents of the 
F2 generation were sourced from a total of only 7 families (5 families from low inbred 
females and 2 from high selection females). A reciprocal F 2 population was bred 
comprising of 18 families (for the mating structure see Table 6.1). Both F 1 reciprocal 
halves were represented equally in the F 2 generation. Of the 18 F 2 matings, 17 were 
successful and were maintained for up to three parities, yielding a total of 340 F 2X 
individuals surviving to 10 weeks. A summary of the litter data is shown in Table 6.1 
All mating pairs and weaned animals were maintained as outlined in section 3.3. 
Spleen samples were taken from all individuals in the pedigree for use as a source of 
DNA for marker analysis. 
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Table 6.1 Summary of the mating structure of the F 2X population, and the distribution 
of the animals born per litter. 
Litter + Dam Sire Numbers born 
Parity 1 	Parity 2 	Parity 3 
1 HL 1.1 LH6.1 9 11 12 
2 HL 1.2 LH4.1 10 12 13 
3 BL 1.3 LH3.1 8 4 8 
4 HL 1.4 LH7.1 9 8 - 
5 LH3.1 HL 1.1 4 7 7 
6 LH4.1 HL 1.2 8 8 9 
7 LH3.2 HL 1.3 9 5 12 
8 LH6.1 HL 1.4 10 6 10 
9 LH6.2 HL 1.5 9 8 - 
10 HL 2.1 LH7.2 11 14 9 
11 HL 2.2 LH3.2 12 9 - 
12 HIL2.3 LH5.1 7 7 9 
13 LH 5.1 HL 1.5 11 10 - 
14 LH3.3 HL 2.1 10 11 13 
15 LH4.2 HL 2.1 8 14 - 
17 HL 2.4 LH5.1 11 11 - 
18 LH6.3 HL 1.3 8 - - 
HL= high selection line dam and inbred low line sire, LH = inbred low line dam and 
high selection line sire. The identification numbers show the F 1 mating pair and then 
the individual number (within sex), e.g. 1.2 is individual 2 from the F 1 litter 2. 
Records of 6 week weight were taken on all F 1 individuals. The body weight 
measurements recorded in the F 2X generation were 3 week weight, 6 week weight, 
and 10 week weight. At 10 weeks of age all F 2X generation animals were killed by 
cervical dislocation, spleens removed, and placed in labelled screw top tubes and snap 
frozen in liquid nitrogen. The gonadal fat pads (GFP) were removed from all F 2X 
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males, weighed and then replaced in the body cavity. These were used to produce 
estimates of carcass fat percentage (section 2.3.2) according to, 
GFP Fat percentage = [(GFP/dead weight) x 8] x 100. 
All F2X animals were weighed after removal of the spleen and frozen individually in 
polythene bags with identification cards. To produce a second estimate of the carcass 
fat percentage, all individuals were freeze dried, and the freeze dried weights were 
used to estimate carcass fat percentage as outlined in section 3.4. Full records 
(genotypic and phenotypic data) were available on a total of 334 animals. 
6.2.2 Genotyping the F2X population 
Genomic DNA was extracted from spleen samples taken from all individuals in the 
pedigree by phenol: chloroform extraction as described in section 3.1. All individuals 
in the pedigree were genotyped using Protocol 2 (section 3.2) at the seven 
microsatellite loci found to be polymorphic in the F 2 population described in Chapter 
4. In addition to these microsatellite loci, additional polymorphic marker sites in the 
F2X population were identified using the high selection line and inbred low line 
parents of the F 1 generation. A total of 61 marker loci were investigated (including 
markers previously investigated in Chapter 4) yielding six additional polymorphic 
marker loci. The thirteen microsatellite loci found to be segregating in the F 2X 
population and their estimated PCR product sizes are listed in Table 6.6. To allow 
fully informative loci within litters to be identified, all individuals in the pedigree were 
genotyped at the polymorphic marker loci. All genotypes were scored on two 
separate occasions to minimise incorrect genotypes as described in section 3.2. 
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6.2.3 Data Analysis 
Sex linked effects in the reciprocal F 1 generation 
The mean body weight of males and females in the reciprocal halves of the F 1 
generation were compared to establish if the sex linked effect observed initially in the 
P6 selection line by Hastings (1990) could be detected in the F 1 generation of the F2X 
population. Data on 6 week body weight of the F IX individuals was analysed using 
the model described in section 3.5 to test for the sex linked body weight effect (see 
sections 2.3.4 and 4.3.1). 
Description of trait data 
There were a number of fixed and environmental effects recorded during the 
collection of the data on the F 2Xpopulation. To determine the importance in all 
models of individual terms and interaction terms for the phenotypic traits measured, 
the likelihood ratio statistic was used (see model evaluation, section 3.5). The 
following model was obtained using the method referenced above, 
YIJkJ=p+S+DJk+13.(BorW)Jk+eIJk1, 	 (1) 
where: 
YIJkI = the observations on the lth individual 
= overall mean 
S i = fixed effect of the ith sex 
Djk  = random common environmental effect associated with the kth parity litter nested 
within thejth dam 
0 = the linear regression coefficient of Y on the number born (Bk) or weaned (W Jk) 
from the kth parity litter of thejth dam 
eJkJ = the residual error associated with the /th individual 
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When regressing the trait observations on the number born or weaned, the number 
born was significant (P<0.05) for the analysis of 3 week weight, and for body weight 
gain from 3-6 weeks and 3-10 weeks. The number weaned per litter was found to be 
significant (P<0.05) in the analysis of estimated fat percentage, and the remaining 
body weight models. 
To investigate whether the freeze drying batch (see section 3.4) had a significant 
effect on the freeze dried carcass weight, a fixed effect of batch was fitted in the 
model analysing freeze dried weights. Batch was not found to be significant in the 
analysis and was dropped from the model. The fixed effect of parity was not 
significant (P>0.05) in the analysis of the phenotypic measurements described above. 
To illustrate the distribution of the data, residual phenotypic trait values (trait values 
corrected for all fixed effects and covariates in the model described above) were 
obtained using Genstat 5.3 (Genstat 5 Committee, 1993). Estimation of residual 
phenotypic correlations were carried out using Minitab (Ryan, Joiner & Ryan, 1985). 
Regression analysis to estimate OTL effects 
Evidence from the analysis of the F 2 population described in Chapter 4 showed an 
association between markers on the X-chromosome and body weight at 6 and 10 
weeks. To estimate the number of X-linked QTL of large effect, their position(s), and 
the size of their effects, marker data and phenotypic data from the F 2X population 
were analysed using the non-inbred X-linked multiple regression method (Chapter 5). 
The test statistic (TS) used in the analysis was: 
TS = n loge (RSS reduced' RSS full), 
where n is the number of individuals in the analysis, RSS reduced is the residual sum of 
squared (RSS) of the regression with no QTL parameters fitted, and RSS full  is the 
RSS with the QTL parameters fitted (Haley & Knott, 1992). The reduced models 
used in the analysis were those outlined above. The full models had the additional 
fitted effects of the numerical values of the coefficients of a 1, af and d calculated using 
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the terms given in Table 5.1 (section 5.2.1). The marker map positions used in the 
regression analysis of the X-linked data were estimated from F 2X marker data, using 
ii .1 Ik 
The null hypothesis (Ho) used in the analysis was that there were no QTL or variance 
for the trait analysed on the X-chromosome. Previous analyses (section 2.3.4 and 
Chapter 4) have indicated the X-chromosome carried loci with large effect for body 
weight, which implies the H0 used may be inappropriate. The most applicable 
alternative would be to set the null hypothesis that the variance explained by the X-
chromosome was due to a large number of loci of small effect. This hypothesis could 
be tested by fitting all marker on the chromosome as fixed effects in the reduced 
model, i.e. testing for a single QTL of large effect vs. variance explained by multiple 
loci on the X-chromosome. This model cannot be fitted for the F 2X data set, as non-
informative marker loci result in too much non-informative (missing) data. 
The significance threshold for QTL detection was obtained using the method 
previously described by Andersson etal. (1994) (see section 2.2.3). An empirical 
threshold was estimated from 1000 replicated analyses of simulated trait data in which 
no QTL was segregating (the trait .data were simulated from a normal distribution 
with mean of zero and variance of one) and the pedigree and marker genotypes from 
the F2X population. By ordering the maximum TS obtained from each replicate 
analysis and taking the 99, 95 and 90 percentiles, the thresholds for P<0.01, P<0.05 
and P<0. 10 are obtained under the null hypothesis of no QTL segregating in the 
population. The estimated empirical thresholds for the one QTL model were: TS 15.5 
for P<0.01, 11.4 for P<0.05 and 9.7 for P<0.10. The analysis was limited to 1000 
replicates due to the computation time required by Genstat 3.5 (Genstat 5 Committee, 
1993). 
The confidence intervals for the QTL position were estimated using the one-LOD 
drop method (Lander & Botstein, 1989), where the 95% confidence interval for QTL 
position is obtained by a drop in LOD score of one from the maximum LOD score 
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detected. The one-LOD drop method is equivalent to a drop in the test statistic used 
in this study of 4.6. An estimated 99% confidence interval can be obtained by a drop 
in LOD score of 2 (a drop in the test statistic of 9.2). 
The choice of the null hypothesis tested, the threshold used to determine significant 
QTL detection, and the method used to calculate the confidence intervals for the QTL 
positions will be discussed in greater depth later in this chapter. 
For the analysis using the X-linked multiple regression method, the data must be 
normally distributed when the hypothesis is tested. Residuals obtained from fitting the 
fixed effects and covariates in the model outlined above were tested for fit to a normal 
distribution in Genstat 5.3 (Genstat 5 Committee, 1993), but no significant deviation 
from normality was detected. 
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6.3 RESULTS 
6.3.1 Sex linked effects in the reciprocal F 1 generation 
Mean body weights of males and females in the reciprocal halves of the F 1 generation 
were compared to establish if the significant sex-linked effect observed in previous 
generations (section 2.3.4 and Chapter 4) could be found in the F 1 generation of the 
F2X population (Table 6.2). 
Table 6.2 Mean body weight (g) at 6 weeks of individuals in the reciprocal halves of 
Fl line crosses. The dam is shown first in crossing nomenclature 















S.C. = standard error of estimate. 
There are significant differences in body weights between the males and females 
within the two reciprocal halves of the F 1 population (P<0.05 using student t-test). In 
the low line dam reciprocal half, the estimated mean body weight in males was 3.3g 
greater than females, and in the high line dam reciprocal half the difference in mean 
body weight between the sexes was 6.5g. Previous data (Hastings, 1990; Hastings & 
Veerkamp, 1993; Chapter 4) have indicated that there is a large X-linked effect. The 
X-linked effect can be estimated using the mean body weights of the heterozygous 
females and hemizygous males in the two reciprocal halves of the F 1 generation, 
(HxL: A —Aa)—(LxH: a—Aa), 
where HxL are individuals from the high line dam reciprocal half, LxH are individuals 
from the low line dam reciprocal half, Aa are the F 1 females, and a and A are the F 1 
males. Using this relationship the estimated X-linked effect was 3.2g at 6 week 
weight. 
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The progeny from the high line dams have significantly higher body weights than the 
contemporaneous individuals with low line dams, suggesting a large maternal effect 
influencing the body weight at 6 weeks. 
6.3.2 Polymorphic markers in the F 2X pedigree 
To identify polymorphic markers in the F 2X population a total of 61 microsatellite 
markers were tested (including those investigated in the analysis of the F 2 generation 
described in Chapter 4). Of the markers investigated, thirteen were found to be 
polymorphic and to produce consistently scoreable PCR products. Of these thirteen 
markers, three were identified to be frilly informative in the F 2X population 
(DXLvIitl87, DXvIII5O, and DXA'Iitl3) where marker alleles could be traced 
unequivocally to the high selection line or the inbred low line founder parents in all 
F2X individuals. 
All animals (with full records) in the F 2X pedigree were genotyped at all thirteen 
polymorphic markers. Table 6.3 summarises the distribution of fully informative 
markers in the F 2X population. The percentage information at each marker is given 
(determined by the percentage of individuals in the F 2X generation where marker 
information could be traced unequivocally to the base population), with the exception 
of the frilly informative marker loci DXA'11t187, DXJVIEI50, and DXIvlitI3. The results 
show that the percentage of fully informative individuals in the F 2X generation ranges 
from approximately 16% to 54%, with the exception of the three fully informative 
loci. At 11 of the 13 markers genotyped in the F 2X population, there were only two 
alleles segregating in the F 2X generation. At markers DXIVI1I55 and DXiVIitl87 there 
were three alleles segregating. The pedigree information at marker DXIvIi1l87 (fully 
informative in the F 2X population) showed unequivocally one allele present in the high 
selection line, and two different alleles present in the inbred low line. The marker loci 
DXLvIIIJ21 and DX!vIit3l were both fully informative in the same litters, and this may 
be because the two loci were closely linked (Table 6.6). 
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Table 6.3 The distribution of individuals with full records (genotypic and phenotypic 
data) in the F 2X population for segregating DXIviii marker loci. Ticks denote litters 
which were fully informative at the marker loci (the three fully informative marker loci 
in all litters are not shown). 
The F2X generation• DXIvIit marker loci 
Litt Sire No. No. 55 46 25 62 16 64 79 38 31 
er X- femal males . & 
chr. es 121 
1 L 8 14 / V V V V 
2 L 13 13 V VV V V 
3 L 10 7 V V V V VII V 
4 L 1 4 
5 H 6 8 
6 H 11 11 V V 
7 H 14 14 V V 
8 H 11 9 V V V V 
9 H 7 8 V V V 
10 L 15 13  
11 L 13 8 V V 
12 L 12 3 
13 H 19 11 V VV V V V 
14 H 14 6 V V V V 
15 H 9 16 V V 
17 L 11 7 
18 H 3 5 V 
Number of informative 84 179 135 120 95 158 96 148 52 
individuals (total 334) 
Percentage of informative 25.1 53.6 40.4 35.9 28.4 47.3 28.7 44.3 15.6 
individuals 
Sire X-chr = line origin of the sire X-chromosome, high (H) or low (L) line 
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6.3.3 Description of the F2X data set. 
Mortality and Litter Effects 
A total of 402 animals were born in the F 2X generation. After adjustment to a 
maximum litter size of 12, there were 395 pups from a total of 43 litters weaned. The 
mean litter size at birth (± S.D.) was 9.4 ± 2.4, and the mean number of offspring 
weaned was 8.9 ± 2.2. 
The percentage mortality varied over the growth periods measured. From birth to 
weaning at 3 weeks, mortality was 3.0%, from weaning to 6 weeks it was 9.4%, and 
from 6 to 10 weeks the mortality was only 0.6%. The mortality rates support the 
observation of a high level of illness in the population (particularly diarrhoea post 
weaning), it should be noted that normal mortality rates are negligible (Rooney, 
pers.com . 1996). A two sample t-test was used to investigate if body weight at 
weaning was a significant factor in the post weaning mortality, i.e. if smaller animals 
were significantly more vulnerable to disease than their contemporaries. Comparison 
of mean body weight (± s.e.) at 3 weeks of those not surviving the post weaning 
period (9.6g ± 0.3) to the group surviving to 6 weeks (10. 1  ± 0. 1), showed the mean 
body weights in the group not surviving to 6 weeks were 0.5g lower than the 
surviving group, but this difference was not significant (P0.11). 
Marker data were used to further investigate the contribution of the X-linked QTL for 
body weight and its association with the rates of mortality observed. If the X-linked 
QTL for body weight had a significant effect on the mortality in the F 2X generation, 
the segregation ratio of markers linked to the QTL may deviate significantly from the 
expected 1:1 ratio. Allele frequencies in the F 2X population were investigated at the 
three fully informative marker loci. Using a x2  test (1 d.f.) there were so significant 
deviations from the expected 1:1 ratio of the high and low line alleles (all male data 
and female homozygote genotype data) at the marker loci examined (DXvIit187 
121:133,DXMiI5O 124:136, and DXJvIIIJ3 132:122). 
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Phenotypic data 
Full records, genotypic and phenotypic data, were available on a total of 334 animals 
in the F2X generation. This section will describe the phenotypic data obtained for 
these animals. 
Table 6.4 Description of phenotypic data obtained in the F 2X generation. The 
estimates shown are the least square means for body weights (g), body weight gains 
(g), and estimated fat percentage. 
Trait Male (n = 157) Female (n = 177) 
mean standard CV mean standard CV 
deviation (%) deviation (%) 
3 week weight 10.36 1.57 15.2 10.11 1.51 14.9 
6 week weight 25.09 3.44 13.7 21.03 2.81 13.4 
lo week weight 31.54 4.00 12.7 25.89 3.19 12.3 
gain 3 to 6 weeks 14.58 2.58 17.7 10.87 1.96 18.0 
gain 3tol0weeks 21.06 3.17 15.1 15.87 2.85 17.0 
gain 6to 10 weeks 6.52 2.21 33.9 4.96 1.89 38.1 
Fat % at 10 weeks 12.4 4.07 32.8 8.2 2.86 34.9 
GFP%atl0weeks 13.3 4.40 33.1 
CV = coefficient of variation. Fat % calculated using freeze dried weight with the 
formula in section 3.4. GFP % fat percentage in males estimated from gonadal fat 
pads (GFP) using the formula in section 6.2.1. n = number of animals in sample. 
Table 6.4 shows that the mean male body weights at all ages were higher than the 
female body weights, and significantly so at 6 and 10 weeks (P<0.05). The 
coefficients of variation (CV) associated with body weight at 3 weeks were high, 
indicating a high variance associated with the mean of this trait. Within both sexes the 
body weight gains over the middle growth period (3-6 weeks) were greater than in 
late growth period (6-10 weeks). The CV associated with body weight gain for the 6-
10 week period were approximately 34% and 38% in males and females respectively. 
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The estimates of the total carcass fat percentage shown in Table 6.4 indicate the mean 
carcass fat percentage estimated from GFP was slightly higher than estimated from 
the freeze dried weights. High CV (approximately 33-35%) were associated with all 
estimates of carcass fat percentage. The correlation between fat percentage calculated 
using freeze dried weight in males (Fat%) and fat percentage calculated using gondal 
fat pad weight was r=0.89, indicating that both methods provide similar estimates of 
carcass fat percentage. The estimate of mean carcass fat percentage at 10 weeks 
calculated from freeze dried weights was higher in the males than the females. 
Table 6.5 The residual phenotypic correlations of traits measured and derived traits in 
the F2X population. 
Traits Traits: 
3wkwt 	6wkwt 	lOwkwt 	gn3-6 	gn3-10 	gn6-10 
6wkwt 0.676 
10wkwt 0.575 0.842 
gn 3-6 wk 0.268 0.883 0.739 
gn 3-10 wk 0.210 0.684 0.914 0.766 
gn6-10wk 0.013 0.007 0.541 -0.002 0.640 
Fat %atl0wk -0.053 -0.119 -0.025 -0.106 0.001 0.146 
wt=weight, wkweek measured, gn=gain between weeks measured, Fat% estimated 
using freeze dried weights. 
To investigate the degree to which the different traits measured were correlated, 
residual phenotypic correlations were calculated for all traits (residuals obtained from 
fitting the fixed effects and covariates in the model described in section 6.2.3). The 
residual phenotypic correlations presented in Table 6.5 show negative correlations 
between estimated carcass fat percentage at 10 weeks and body weight measurements 
at all ages. When body weight measurements were divided into growth periods, the 
correlation was negative between residual fat percentage and residual body weight 
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gain between 3 and 6 weeks, but became positive for late growth between 6 and 10 
weeks. 
6.3.4 QTL mapping using the X-linked regression analysis 
In this section the results of analysis using the non-inbred X-linked multiple regression 
method (Chapter 5) carried out to estimate QTL position and effects will be 
presented. The map positions for the markers genotyped in the F 2X population, 
estimated using CRIMAP, are shown in Table 6.6. The table also shows published 
map positions obtained from the Mouse Genome Informatics (1996). The marker 
positions estimated from the F 2X data show the same order as the Mouse Genome 
Database (MGD) and the Chromosome Committee, and produce a total map length of 
a similar size to the published maps. The published map distances show a high degree 
of variation for estimated map positions at markers. These difference occur as a result 
of sampling error associated with the independent studies, and also the number of 
recombination events observed in the different mouse strains investigated. The map 
distances used in the regression analysis were those obtained from the F 2X population 
using CRIMAP, as the map distances estimated from the marker data were estimated 
in the same mouse strain. The estimated PCR product sizes of the alleles predominant 
in the high or low line are also listed. 
116 
Table 6.6 The map positions of markers estimated from the F 2X population using 
CRIMAP, and taken from the Mouse Genome Informatics (1996). Estimated PCR 
product sizes are given for the marker alleles predominant in the high or low line. 




F2X MGD Chr. Comm MIT 
DX!vli 155 142 	123 0.0 1.0 1.5 0.0 
159 
DXIvIIIJ87 132 	116 12.2 5.0 5.0 5.0 
120 
DXJVIEI5O 182 	175 19.8 12.5 11.0 22.5 
DXLvIit46 151 	1 146 30.4 20.0 24.5 29.6 
DXLvIit25 184 	170 33.7 28.0 27.8 32.0 
DX/v11162 127 	138 34.6 30.0 34.5 34.2 
DXLvIitl6 119 	98 41.9 36.0 36.0 38.7 
DXMiI64 125 	139 48.9 38.0 36.5 41.0 
DXA'1i179 155 	145 52.6 44.0 44.5 47.9 
DX!v11t38 135 	144 56.0 58.0 48.0 43.7 
DXAuitl3 212 	206 60.9 60.0 48.0 54.7 
DXA'1i1121 153 	142 71.4 66.0 60.0 61.4 
DXA1i131 124 	111 72.0 70.0 70.0 70.5 
MGD = Mouse Genome Database, MIT = Massachusetts Institute of Technology, 
Chr. Comm = Chromosome Committee. 
The PCR product sizes were estimated from marker data. 
OTL for body weight on the X-chromosome 
To estimate linkage between marker loci and QTL for body weight at 3, 6 and 10 
weeks, data were analysed using the X-linked multiple regression method and the 
results are shown in Figure 6. la,b,c. The likelihood curves for all of the body weight 
measurements indicate the QTL detected were highly significant (P<0.01), reaching 
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maximum test statistics (TS) of 36.1, 86.2 and 112.4 for 3, 6 and 10 week weight 
data respectively. The maximum TS were found at 23cM for all body weight 
measurements, with all the likelihood curves showing a smooth single peak (see 
Figure 6.1a,b,c). Using the equivalent of a one LOD-drop off to obtain a confidence 
interval for QTL position (a drop of 4.6 in the TS), the confidence intervals (CI) 
obtained were 13cM, 10cM, and 8 c for 3 week, 6 week and 10 week weight 
respectively. A summary of the estimates are shown in Table 6.7. 
3 Week Weight 
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Figure 6.1 The likelihood profiles for body weights at (a) 3 week and (b) 6 week, 
obtained using the X-linked multiple regression method (Chapter 5). 
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Figure 6. 1  The likelihood profiles for 10 week weights. 
Table 6.7 Summary of QTL effects (g) for the body weights obtained using X-linked 
multiple regression method. Standard errors of estimates are shown in parenthesis. 
Body Max Male Female Percent F 2 
weights TS additive additive 	dominance variance 
3 week 36.1 0.69 (0.12) 0.39 (0.22) 	0.10 (0.27) 7.7 
6 week 86.2 2.00 (0.24) 1.83 (0.42) 	0.38 (0.53) 14.2 
10 week 112.4 2.63 (0.27) 2.62 (0.48) 	0.37 (0.60) 27.9 
The percentage F 2 variance explained by the QTL was calculated at the most likely 
QTL position as the reduction in the residual variance of the F 2 population by the 
inclusion of the QTL effects in the model. 
The estimated additive effects in males (half the difference between the hemizygotes) 
were greater than the additive effect in the females (half the difference between the 
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homozygotes) at 3 and 6 weeks. The difference between the male and female additive 
effects were not significant (P<0.05 using the student t-test) for all body weights 
measured. In males and females the estimated additive effects for 10 week weight 
were both 2.6g, which corresponds to a total difference of 5.2g between the two 
homozygote female genotypes and the two hemizygote male genotypes. Smaller 
standard errors were associated with the male estimates of additive effects compared 
to the female estimates of additive effects, due to the greater information regarding 
the additive QTL effect coming from the hemizygous males (section 5.4.2). The 
dominance deviations estimated in females were positive (i.e. increasing body weight) 
but not significantly different from zero for the body weight traits. 
Table 6.8 The estimated QTL effects (see Table 6.7) for the three body weight 
measurements expressed as percentages of mean body weight (see Table 6.4). 
Age at Male Female 
measurement mean additive % mean additive % dominance % 
weight (g) weight (g) 
3 week 10.4 6.7 10.1 3.9 1.0 
6 week 25.1 7.8 21.0 8.7 1.8 
10 week 31.5 8.3 25.9 10.1 1.4 
The estimated QTL effects expressed as a percentage of mean body weights (Table 
6.8) give an indication of the percentage contribution of the QTL at the three body 
weights measured. The percentage effect of the QTL in males ranges between 
approximately 7% and 8% of the corresponding mean body weight, increasing slightly 
with age. In females, the percentage of the body weight explained by the QTL were 
higher than those obtained in the males, at 6 and 10 weeks. At 3 weeks the estimate of 
the additive QTL effect in females was much lower than in males, explaining 
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Figure 6.2 The distribution of the residual trait value (g) for 10 week weight in the 
three female, and two male marker classes of the marker J)XM1150. (a) F 2 females, 
and (b) F 2 males. 
The results from the QTL analysis of body weights at all ages using the X-linked 
multiple regression method indicate that the marker DXA'1i150 was estimated to be in 
close linkage with the QTL for body weight. Since the marker DXMI150 was fully 
informative in the F 2X population, the marker genotypes can be traced unequivocally 
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to the high or low line in all individuals. The distribution of residual 10 week weight 
within the marker classes of DXIvIit5O is illustrated in Figure 6.2. In the female data 
set (Figure 6.2a), the heterozygotes have intermediate marker associated QTL effects 
compared to the two homozygote genotypes. This clearly illustrates the 
predominantly additive action of the marker associated QTL effect. For the two 
marker classes found in males, the distribution of the marker associated QTL effect 
shows a difference in the mean (Figure 6.2b). Assuming complete linkage between 
marker DXIvIit5O and the QTL, the two QTL genotypes cannot be distinguished 
visually by the residual phenotypic measurements alone, as the sum of the two 
distributions illustrated in Figure 6.2b give a unimodal distribution (figure not shown). 
The marker associated QTL effects at DXIt'Iit5O for 10 week weight were estimated 
by single marker analysis using the model described in section 6.2.3 with the 
additional fixed effect of marker genotype analysed within sex (Table 6.10). The 
estimated effects (± s.e.) indicate the additive effect in males (2.43g ± 0.52) were 
greater than in females (2.24g ± 0.77), although the difference was not significant 
(P<0.05); again the dominance deviations in females were not significantly different 
from zero. 
The X-linked OTL and body weight gain 
To determine if the X-linked QTL for body weight influenced body weight 
predominantly in one growth period compared to the other growth periods measured, 
body weight gains were analysed using the X-linked regression method. The results of 
the analysis of body weight gain from 3-6 weeks, 3-10 weeks and 6-10 weeks using 
the non-inbred X-linked multiple regression method are shown in Figure 6.3a, b, and c 
respectively. The likelihood curves for 3-6 week and 3-10 week weight gain are both 
smooth with a single peak at 21cM and 23cM respectively. The peak test statistics 
found for the analysis were 52.8 for the 3-6 week body weight gain, and 76.7 for the 
3-10 week weight gain. Using a drop in TS of 4.6, the CIs obtained for the QTL 
positions were 9cM and 11cM for 3-6 week, and 3-10 week body weight gains 
respectively. 
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Figure 6.3 The likelihood profiles for the analysis of body weight gains between 
growth measurements taken at, (a) 3-6 weeks, (b) 3-10 weeks, and (c) 6-10 weeks, 









In the QTL analysis of body weight gain between 6-10 weeks the maximum TS 
reached was 24.1 at 23cM, although a rise in TS was seen towards the distal end of 
the X-chromosome. The second peak reached the threshold of P<0.05, suggesting the 
presence of a second QTL on the X-chromosome. An analysis of the data fitting a 
two QTL vs. one QTL model did not show a significant change in the TS at a position 
other than 23cM, using the estimated empirical threshold of TS 19.4 (P<0.05) and TS 
16.8 (P<0.10). This threshold has 4 degrees of freedom (d.f.) (8 d.f for the full model 
[6 for the QTL effects for the two QTL, plus 2 for the two QTL positions] minus 4 
d.f for the reduced model fitting one QTL). The estimated empirical thresholds for 
the two QTL model vs. one QTL model were obtained by 500 replicated analyses as 
described in sections 6.2.3. To reduce computation time, the numbers of replicates 
were limited to 500 and the two dimensional chromosome search (see section 5.3.5) 
was carried out at 5cM intervals. The likelihood surface obtained from the QTL 
analysis using a model fitting two QTL vs. one QTL is shown in Figure 6.4. The QTL 
effects associated with the two maxima were: 
23cM Maximum TS = 22.9 am = 0.66 (0.17) af = 0.82 (0.31) d= 0.55 (0.41) 
71cM MaximumTS 13.0 am =0.13(0.19) af -0.19(0.34) d=-1.51(0.89) 
The QTL effects at both loci have high standard errors. Only the estimates of the 
additive effects at the QTL positioned at 23cM were significantly different from zero 
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Figure 6.4 Analysis of body weight gain from 6-10 weeks using the model testing two 
QTL vs. one QTL. 
Table 6.9 Summary of the QTL effects (g) for the body weight gains obtained by the 
X-linked multiple regression method. The estimates of QTL effects expressed as 
percentages of mean body weight gains (see Table 6.4). Standard errors of the 
estimates are shown in parenthesis. 
Gains Male Female 
additive % of additive % of dominance % of 
mean I mean mean 
3-6 week 1.59 (0.24) 1 	10.9 1.20 (0.44) 9.3 0.54 (0.54) 4.2 
3-10 week 2.25 (0.29) 10.6 2.25 (0.52) 12.0 0.52 (0.65) 2.8 
6-10 week 0.72(0.18) 11.4 0.74(0.31) 12.8 0.04(0.39) 0.7 
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A summary of the estimates of QTL parameters for body weight gains using the one 
QTL model are shown in Table 6.9. For the growth intervals of 3-6 weeks and 3-10 
weeks there was, as already stated, a significant association with QTL positioned at 
21cM and 23cM respectively. The estimates of the additive QTL effects in males and 
females at all body weight gains measured were not significantly different (P<0.05), 
both showing very similar estimates. Again, the dominance deviations in females were 
not significantly different from zero in the analysis. The estimated QTL effects 
expressed as a percentage of the mean body weight gains (Table 6.9) indicate the 
additive effects of approximately 11% in males. In females, the percentage effects of 
the QTL are between 9% and 13% for all body weight gains. 
Table 6.10 Summary of marker associated effects (g) at the marker DXLvIit5O (the 
marker estimated to be in close linkage with the QTL for body weight) for all body 






3 week weight 0.64 (0.33) 0.18 (0.48) 0.06 (0.34) 
6 week weight 1.89 (0.48) 1.43 (0.65) -0.07 (0.32) 
lo week weight 2.43 (0.52) 2.24 (0.77) 0.17 (0.29) 
3-6 week gain 1.28 (0.33) 1.19 (0.52) 0.17 (0.26) 
3-lo week gain 1.77 (0.38) 2.00 (0.44) 0.03 (0.22) 
6-10 week gain 0.56 (0.44) 0.84 (0.71) 0.21 (0.34) 
Analysis of the body weight and body weight gain data by the non-inbred multiple 
regression method indicate that the marker DXIvIit5O (at 19.8cM) is closely linked to 
the QTL for body weight on the X-chromosome (estimated at approximately 23cM). 
Table 6.10 shows the estimated marker associated QTL effects obtained using the 
single marker analysis using the model described in section 6.2.3 with the additional 
fixed effect of marker genotype at marker DXA'11t50 (males and females were analysed 
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separately). The estimates for all traits show similar trends to those obtained by QTL 
mapping analysis, but for all traits the estimated effects were lower (with the 
exception of the estimated marker associated QTL effect in females for 6-10 week 
weight gain). This is expected as the single marker analysis assumes complete linkage 
between the marker and QTL. Therefore, recombination between the marker and 
QTL can break down the association and result in an underestimation of the QTL 
effect (associated with an increase in the standard errors of the estimates). It should 
be noted that the single marker analysis of the 3 week weight and 6-10 week body 
weight gain data did not indicate the marker associated QTL effects were significantly 
different from zero (P>0.05). 
Linkage between fat percentage and the X-linked QTL for body weight 
In addition to the body weight measurements taken on the F 2X generation, estimates 
of carcass fat percentage were also calculated. Previous analysis has indicated the 
marker DXA'IilSO was closely linked to the X-linked QTL for body weight. To 
investigate the contribution of the QTL for body weight to fat percentage at 10 
weeks, the distribution of residual fat percentage (corrected for the fixed effects and 
covariates in the model described in section 6.2.3) within the DXA'11t50 marker classes 
was plotted (Figure 6.5). The distribution of residual fat percentage does not indicate 
an association between the X-linked QTL for body weight (at approximately 23cM) 
and fat deposition. This observation is supported by single marker analysis carried out 
using the model described in section 6.2.3 plus the additional fixed effect of marker 
genotype, where the estimated marker associated QTL effects (± se.) were: a,== - 
0.55 ± 0.69, af = — 0.45 ± 1.05, and d= —0.46 ± 0.78. The estimated marker 
associated QTL effects do not indicate linkage between the marker DXA'11t50 on the 
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Figure 6.5 The distribution of residual carcass fat percentage (estimated from freeze 
dried body weight) in the marker classes of the marker DXLVII 150, (a) Females, and (b) 
Males. 
To test for linkage between QTL influencing fat deposition and markers elsewhere on 
the X-chromosome, the predicted carcass fat percentage was analysed using the non-
inbred X-linked regression analysis (Chapter 5). The maximum TS reached in the 
QTL analysis of fat percentage estimated from gondal fat pad weight in males was TS 
5.8. In the QTL analysis of fat percentage from freeze dried body weights (estimated 
in males and females) the maximum TS 5.1 was reached (Figure 6.5). This indicates 
that fat percentage does not show a significant association with a QTL on the X-
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Figure 6.6 The Likelihood profile for estimated carcass fat content (estimated using 
freeze dried body weight in both males and females). This analysis did not reach the 
significance threshold of TS 9.7 (P<O.1O). 
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6.4 DISCUSSION 
6.4.1 The reciprocal F 1 generation and sex-linked effects 
The F 1 generation for the F 2X population was analysed (using the model shown in 
section 3.5) to establish if the sex linked effect observed previously (section 2.3.4 and 
4.3. 1) could be found. The mean body weights of males were significantly heavier 
than females within each reciprocal half (P<0.05). The difference in mean body weight 
between the sexes in the low line dam reciprocal half was 3.3g and was 6.5g in the 
high line dam reciprocal half, and therefore the estimated sex linked effect is 3.2g at 6 
weeks. The estimated X-linked effect is a similar magnitude to those estimated 
previously at 6 weeks (Hastings, 1990; Chapter 4), and show support for the 
significant sex linked effect associated with the X-chromosome. 
The mean body weights of the males and females in the F 1 generation of the F 2X 
population show individuals with the high line dams have a significant advantage for 
body weight at 6 weeks compared to the F 1 reciprocal half with the low line dams. 
The results from this study suggest there is a strong influence of the maternal 
environment on the mean body weight at 6 weeks. The strong maternal effects 
observed in this population may be due to the small number of successful matings in 
the F 1 generation (seven litters in total). All individuals in the high line dam reciprocal 
half were sourced from a total of two families. The low number of litters representing 
the high line dam reciprocal half will result in a large sampling error associated with 
the results obtained. 
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6.4.2 The distribution of polymorphic markers in the F2X 
The results obtained from genotyping the eight test females from the high and low line 
at generation 52 outlined in Chapter 4, showed that 29% of markers genotyped were 
polymorphic. The investigation discussed in this chapter showed that the rate of 
polymorphism in the P6 lines (section 6.3. 1) were also very low, 13 of the 61 markers 
investigated were polymorphic in the F 2X pedigree producing consistently scoreable 
PCR products (a further 4 of the 61 markers investigated were polymorphic but were 
not consistently scoreable in the F 2X population). Once again, the percentage of 
polymorphic sites observed suggests a low rate of polymorphism on the X-
chromosome compared to those on the mouse autosomes. As discussed in sections 
2.4.4 and 4.4.2, the under representation of informative marker loci are a result of low 
rates of polymorphism at isolated marker loci (Dietrich etal., 1996). The low number 
of informative marker loci caused by depressed rates of polymorphism at X-1 inked 
marker loci are exacerbated by the under representation of marker loci on the X-
chromosome (Dietrich etal., 1994, 1996). It should be noted that low rates of 
polymorphism observed for X-linked marker loci investigated in the P6 lines may also 
be due to poor detection of polymorphic loci. The method used to detect 
polymorphism at marker loci (section 3.2) is able only to reliably detect difference in 
PCR products of approximately 4 base pairs. However, it is unlikely that this fully 
explains the low rates of polymorphism observed on the X-chromosome. 
6.4.3 Discussion of Phenotypic Measurements 
Litter effects 
The mean litter size at birth, weaning and subsequent weighings (6 and 10 weeks) 
suggest a high level of mortality in the F 2X generation, particularly in the post 
weaning period, where mortality was nearly 10% of the total number weaned. The 
calculated mortality rate supported the observation of a high level of illness 
(particularly diarrhoea post weaning) in the population. 
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At weaning, animals are taken from their mothers, given ear-clip identification and 
mixed with individuals (of the same sex) from other litters. In addition to the physical 
stresses at weaning, animals are also given a change of diet (normal mouse facility 
practice at this time, see section 3.3). The particularly high level of disease observed 
in the post weaning period is likely to have occurred as a result of a high level of 
disease challenge present, exacerbated by the stress of weaning and diet change. 
Observations during the maintenance of the population showed that there was a 
higher level of mortality in the first parity litters, with illness affecting entire litters, 
suggesting there may have been a higher level of disease challenge during this period. 
Animals which did not survive the post-weaning period were lighter at weaning when 
compared to the surviving animals, although the difference was not significant 
(P=0. 11). Weight data do not support a hypothesis that body weight was a significant 
factor in the mortality of individuals in the F 2X population in the post weaning period. 
The analysis of the fully informative marker data at DXA'uit50 at 19. 8cM (estimated to 
be closely linked to the QTL for body weight) using a X2  test with ld.f. did not 
indicate a significant deviation from the expected 1:1 ratio of alleles in the F 2X 
generation. Therefore the marker data do not suggest that the X-linked QTL for body 
weight was a significant factor in the mortality of animals. Therefore, we can assume 
that the QTL genotype of individuals was not a significant factor in post weaning 
mortality. 
Phenotypic Measurements 
To illustrate the distribution of the phenotypic traits measured in the F 2X population, 
the means and standard deviations are shown in Table 6.3. The weights recorded at 3, 
6 and 10 weeks were used to calculated body weight gain during the growth periods 
of 3-6 week, 3-10 week and 6-10 weeks weight. The body weight measurements 
show rapid growth in the period of 3-6 week weight and declining growth over the 
period of 6-10 weeks, which agrees with the normal mammalian sigmoid growth 
curve, where early gains are slow, growth is rapid in the mid-growth period, and 
slows again as animals approach maturity. 
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The residual phenotypic correlations (phenotypic correlations of traits corrected for 
fixed effects and covariates in the model) of all body weight measurements and 
derived body weight gains are shown in Table 6.5. Carcass fat percentage show a 
negative correlation with early weight gain (3-6 weeks) and a positive correlation with 
the late weight gain (6-10 weeks). This is consistent with the basic knowledge of 
mammalian growth, where rapid lean growth is seen during the early stages of the 
growth curve, and as the animal approaches maturity lean growth begins to plateau 
corresponding with an increase in fat deposition. 
As expected, the residual phenotypic correlations between different body weight 
measurements diminishes through the growth curve, i.e. mean weight at 3 weeks has a 
higher correlation with weight at 6 weeks than at 10 weeks. The changing correlations 
are largely a consequence of the reduction in the environmental maternal effect during 
the course of growth. Early growth is strongly influenced by the mothering ability of 
the dam, e.g. milk yield and nest building. During later growth (post weaning) the 
influence of the dam is gradually eroded, as the growth potential of the individual is 
expressed. In addition to the dam effects on the early growth, the genetic contribution 
of the individual must be also considered. Cheverud et al. (1996) suggested that the 
low correlation between early and late growth was a result of QTL affecting growth 
at different stage were distinct; some loci affecting early growth only and some loci 
affect only late growth. The results of linkage analysis carried out on the population 
of mice which were genotyped at markers on all the auto somes, and weighed at one 
week intervals, suggested that QTL for age-specific weights were 7 QTL at one 
week, up to 17 QTL at 10 weeks. The early growth effects tending to taper off by 6 
weeks, and the later growth genes first appear at 3-6 weeks (Cheverud el al. 1996). It 
can be concluded that both dam effects and genetic effects of the individual, (e.g. age 
specific QTL effecting growth), have a strong influence on early growth. 
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6.4.4 Detection of X-linked QTL influencing body weight 
Genotyping all individuals in the F 2X pedigree enables the fully informative marker 
loci within litters to be determined (as outlined in section 5.4.4). The marker data 
obtained for the F 2X pedigree show that three markers were fully informative, and the 
remaining markers range from approximately 16% to 54% informative. Single marker 
analysis of the F 2X pedigree data may give an indication of the position and effect of 
the X-linked QTL (indicated by the highest estimates of QTL effects, and the lowest 
standard errors associated with the estimates). However, this method is unable to 
circumvent the problems resulting from the varying information content at the 
markers along the chromosome. The single marker analysis would produce sampling 
error associated with different markers, as the animals used to provide estimates of 
QTL effects at marker loci along the chromosome vary for each marker. Analysis by 
the non-inbred X-linked multiple regression method (Chapter 5) enables information 
from all individuals (at each putative QTL position) to be used to obtain estimates for 
QTL effects and position. 
The map positions used in the QTL analysis of the F 2X population were those 
obtained by two point and multipoint linkage analysis using CRIMAP. The same 
marker order was estimated in the F 2X population as the order published by the 
Mouse Genome Database and the Chromosome Committee (both obtained from the 
Mouse Genome Informatics (1996)). The Massachusetts Institute of Technology map 
order, however, shows the markers DXIvIit79 and DXI'v11138 to be in reverse order to 
the other maps referenced (The Encyclopaedia of Mouse Genome, 1996). As 
mentioned in the results section, disparity between the marker positions obtained in 
the maps referenced occurs as a result of sampling error associated with the 
independent studies, and also the different amounts of recombination observed in the 
mouse strains used in the different studies. There are no obvious arguments to suggest 
the use of one particular published map rather than another. The best map to use is 
clearly the one most related to the strain of mouse used in the study. Hence, the map 
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estimated from the F 2X data using CRIMAP was used in the QTL analysis. Using the 
estimated marker positions from other studies in the analysis does not change the 
marker interval in which the QTL is positioned, but does change the estimated 
position of the QTL as the map position of the closest linked markers vary (data not 
shown). 
The OTL for body weight on the X-chromosome 
The main objective of the investigation described in this chapter was to estimate the 
number of X-linked QTL of large effect, the size of their effects, and their positions. 
The likelihood curves obtained from the QTL analysis show substantial evidence for a 
QTL at approximately 23cM (approximately 3cM distal to marker DXMit50) 
affecting growth at all the body weights measured (3, 6 and 10 week) showing 
repeatability of the evidence for QTL position. The marker DXIvIit5O was fully 
informative in the F 2X population, and markers distal to this marker had varying 
information content (28% to 53%), until the next fully informative marker DXA'Iitl3 
at 60.9cM (see Tables 6.2 and 6.5). It may be hypothesised that the information 
content of markers in the interval DXM1t5O to DXLvIitl3 may influence the estimated 
QTL position. If we assume the QTL is positioned in the interval DXIVIIt5O to 
DXA1it]3 the fully informative marker information varies for different litters. The 
varying marker information for individuals from different litters results in different 
marker densities, and potentially the QTL positioned different distances from the 
nearest marker. The results from simulation studies (Chapter 5), where QTL were 
simulated at varying distances from the nearest marker, suggest that the vicinity of the 
QTL to the nearest marker does not influence the estimated QTL position. Additional 
simulation studies indicate that marker density does not affect the accuracy of 
estimated QTL position. Therefore, there is no evidence that the level of 
heterozygosity at markers in the F 1 generation of the F 2X population influences the 
estimated QTL position. 
The effect of the X-linked QTL explains approximately 7.7% of the phenotypic 
variance at 3 weeks, increasing to 14.2% at 6 weeks and 27.9% at 10 weeks. The 
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estimated percentage of the F 2  variance explained by the QTL appears to increase 
with age. As discussed previously, early growth is strongly influenced by maternal 
environmental effects, where much of the variation in body weight in early growth is 
due to the dam, resulting in only up to 70% of the variation being due to the direct 
effects of genes carried by the pups themselves (Riska etal., 1984). This relationship 
may result in an underestimation of the percentage of phenotypic variance explained 
by the QTL, particularly at early body weight measurements. 
The estimate of the additive QTL effect at 3 and 6 weeks was slightly higher in males 
than females, although the difference was not significant. The same estimated additive 
effect of 2.6g was obtained for 10 week weight in both males and females. The 
dominance deviations at 3, 6 and 10 weeks were not significantly different from zero 
suggesting the X-linked QTL has a completely additive action. The additive QTL 
effects expressed as a percentage of body weight range from approximately 7% to 8% 
in males at all three body weight measurements. In the females, the percentage 
additive effects were slightly higher than the estimates in males at 6 weeks and 10 
weeks (9% and 10% in females compared to 8% in males). Whereas, at 3 weeks the 
additive effect expressed as a percentage of the mean body weight in females was 
approximately 4%, which does not agree with the results obtained in males. The effect 
of sex was fitted in the model used in the X-linked regression analysis, therefore 
differences between the body weight of the males and females due to autosomal acting 
QTL were removed (and the same overall mean for males and females was fitted in 
the QTL analysis). The estimated additive effects associated with the X-linked QTL 
suggest there is a sex difference in the action of the QTL in early growth. The additive 
effects at 3 weeks indicate the QTL has a greater contribution for mean body weight 
at 3 weeks in males compared to females. We are unable to determine whether the 
estimate for female additive effect at 3 weeks is a spurious result, or a property of the 
X-linked QTL, without repeating the experiment. 
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The influence of the X-linked OTL on specific growth periods 
Further investigation of the period at which the X-linked QTL affects growth was 
carried out with the examination of body weight gain between measurements. The 
likelihood curves from the QTL analysis of the body weight gain between 3-6 week, 
3-10 week, and 6-10 week suggest the QTL to be position at 21cM, 23 c and 23 c 
on the chromosome respectively, again showing strong support for the X-linked QTL 
being positioned at approximately 23cM. 
The likelihood curves obtained for all body weight gains show the QTL effects were 
highly significant (P<0.01). As shown in Figure 6.3c, the TS obtained for 6-10 week 
body weight gain did not show a single peak, but showed a peak at 23cM, and an 
elevated TS towards the distal end of the X-chromosome (the second peak reaching 
the P<0.05 threshold). Caution must be taken when interpreting these results, as the 
elevation in the TS in the analysis fitting one QTL does not occur until after the 
marker DXA'1i113 (which was fully informative in the F 2X population, see Figure 6.3c). 
As shown the Table 6.3, the markers (DXLVIII3J and DXA'111121) more distal to marker 
DXi'1it13 were both only 15.6% informative, and therefore the remaining 84.4% of 
individuals contribute information to the QTL position and effect by single marker 
analysis. Analysis using single markers contributes no information to the QTL 
position, as it is unable to distinguish between closely linked QTL of small effect, and 
loosely linked QTL of large effect. Another shortcoming of this method is the inability 
to determine if the QTL is positioned more distal or proximal to the marker analysed. 
It is therefore likely that the elevated TS seen towards the distal end of the X-
chromosome is due to sampling error associated with the 15.6% of animals 
informative at markers DXIVJ1I3] and DXJVIIIJ2I. Analysis of the 6-10 week body 
weight gain data with the X-linked multiple regression method fitting two QTL vs. 
one QTL did show a significant change in the TS (P>0. 10) at the peak at 23cM, but 
not elsewhere on the X-chromosome. It can be concluded that data for 6-10 week 
body weight gain do not support the hypothesis of a second QTL on the X- 
chromosome. 
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In the study by Cheverud et al. (1996) carried out to examine the effects of QTL on 
age specific body weights in mice, body weights at one week intervals (1-10 weeks of 
age) and genotypes at 75 microsatellite markers spanning 19 autosomes were 
obtained on 535 mice. The results show QTL mapped to 16 of the 19 autosomes 
using an estimated empirical threshold of P<0. 10 (obtained using the method 
previously described by Andersson etal. (1994) see section 2.2.3). Linkage analysis 
indicated that many of the QTL had significant effect for early (1-3 week) and middle 
(3-6 week) growth periods or the middle and late (6-10 weeks) growth periods, but 
not for postnatal growth as a whole (Cheverud et al. 1996). Comparison of the 
mapping results for body weight gains obtained in this study with the results of 
Cheverud et al. (1996) may suggest that the QTL positioned at 23cM on the X-
chromosome affects growth in the middle and late growth periods. Early growth from 
1-3 weeks cannot be commented on, as one week weight was not measured in this 
study, although the QTL effects were significant for 3 week weight data. 
In all QTL. analysis of body weight measurements and body weight gains there was no 
indication of significant dominance effects for the QTL. This supports previous 
findings by Veerkamp et al. (1993), where ML segregation analysis suggested an X-
linked effect with additive action. Consideration of the state of the X-chromosome in 
males and females may suggest we may not expect to observe a dominance deviation. 
In males the X-chromosome is hemizygous, and therefore no dominance deviation can 
be observed. Whereas in females the X-chromosome undergoes random inactivation 
early in development, leading to a hemizygous mosaic for the active X-chromosome 
(section 2.4.2). If the product of the X-linked QTL was active only within the cell of 
origin, then like the males, a dominance deviation would not be observed in the 
females (if we assume equal frequency of the two active X-chromosomes in the 
females). If the QTL product had systemic action on growth, then it would be 
possible to observe dominance deviation in females. No firm conclusions can be made 
regarding the action of the QTL product until the product is determined. The results 
obtained from analysis of phenotypic data by Veerkamp et al. (1993) and QTL 
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analysis presented in this chapter do not suggest any dominance deviation in the 
action of the X-linked QTL for body weight. 
The influence of the X-linked QTL on fat deposition 
Body weight data analysed by the non-inbred X-linked multiple regression method 
(Chapter 5) indicated a QTL of large effect on body weight was positioned on the X-
chromosome at approximately 23cM. Data on carcass fat percentage was analysed to 
investigated the possible contribution of the QTL for body weight to fat deposition. 
Single marker analysis of the marker DXMI15O (closely linked to the X-linked QTL 
for body weight) was undertaken to estimate a possible correlated effect associated 
with fat percentage. The estimated marker associated effects at DXLVIII5O did not 
indicate the X-linked QTL at approximately 23cM influenced the deposition of 
carcass fat, as the estimated effects were not significantly different from zero 
(P>0.05). These results do not allow us to reject the hypothesis that there is no X-
linked QTL influencing carcass fat percentage. Firstly, the single marker analysis is 
not as powerful as the X-linked regression method. For example, the data for 3 week 
weight and body weight gain between 6-10 weeks did not indicate significant marker 
associated QTL effects at the marker DXLvIit5O, but the regression analysis showed 
significant TS (P<0.01) at the marker DXMEt5O, with a peak at 23cM. Secondly there 
may be a QTL influencing fat percentage elsewhere on the X-chromosome. To 
investigate the possibility of QTL influencing fat deposition elsewhere on the X-
chromosome, the estimated carcass fat percentage was analysed using the non-inbred 
X-linked multiple regression method. The likelihood curve for both estimates of 
carcass fat percentage (from GFP and freeze dried body weights) showed there was 
no significant effect associated with the X-chromosome, and therefore suggesting that 
carcass fat percentage is unchanged by the action of X-linked QTL. 
In summary, the initial examination of the result of QTL analysis of data for body 
weights and body weight gains between weighings, suggest that the QTL for body 
weight on the X-chromosome has an additive mode of action. The QTL also appears 
to affect growth throughout the growth curve, as the contribution of the X-linked 
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QTL for body weight was significant for 3 week weight data, and significant for all 
body weight gains. The estimated QTL effects at 10 weeks was approximately 5g 
difference between the homozygote female and hemizygote male genotypes, and this 
is approximately equal to the estimated X-linked effect (Hastings, 1990; Hastings & 
Veerkamp, 1993), suggesting the QTL at approximately 23cM explains the entire X-
linked effect in the P6 lines. 
The QTL mapping analysis for body weight measurements and body weight gains 
between measurements do not indicate that the QTL has a significantly greater 
contribution over any specific growth period to warrant examination of this period in 
greater detail. Data on 10 week weight encompasses all growth periods measured, 
consequently the results obtained from the QTL analysis of body weight at 10 weeks 
will be used in the remaining discussion. 
6.4.5 Interpretation of results of an X-linked QTL for 10 week weight 
To enable correct interpretation of results obtained from the analysis using the non-
inbred X-linked multiple regression method, the null hypothesis for QTL detection, 
the significance thresholds, and the confidence intervals for QTL position must be 
considered in depth. 
The null hypothesis for OTL detection 
As reviewed in section 2.2.3 the formulation of an appropriate threshold for QTL 
detection is problematic. In the majority of studies regarding the formulation of 
thresholds, the null hypothesis used was that no genetic variance was explained by the 
marker segment under consideration. However, Visscher & Haley (1996) suggest a 
more appropriate and realistic null hypothesis should be based on testing the 
hypothesis that there is one, or a limited number, of QTL of relatively large effect in 
the region, versus the hypothesis that there are many loci of small effect. As described 
in section 2.3.4 and Chapter 4, the previous analysis of the P6 lines had shown the X- 
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chromosome has a significant effect on body weight in the P6 lines, and therefore, the 
null hypothesis used in this study (no QTL or variance explained by the marker 
interval) may not be the most appropriate. A simulation study by Visscher & Haley 
(1996) indicated that the incorrect null hypothesis (e.g. no variance explained by the 
marker interval) will result in an over estimation of the significance level (i.e. an 
inflated TS), compared to the null hypothesis assuming variance is explained by the 
chromosome, and can therefore result in type I errors. As explained in section 6.2.3, a 
null hypothesis assuming the variance explained by the X-chromosome was due to 
many loci of small effect could not be fitted due to the nature of the data set (i.e. the 
level of non-informative or missing marker genotypes). However, it is extremely 
unlikely that the threshold obtained for 10 week weight data would be reduced 
sufficiently by fitting a null hypothesis that the variance explained by the chromosome 
was due to a large number of loci of small effect, such that the TS was reduced to less 
than the P<0.01 threshold. 
Thresholds for QTL detection 
As described in section 6.2.3, the empirical thresholds for QTL detection were 
estimated by the method previously described by Andersson et al. (1994), where 
marker data were analysed over a large number of replicates with simulated 
phenotypic data generated from a normal distribution with no QTL present (replicates 
range from 500 by Cheverud etal. (1996) to 5000 by Andersson etal. (1994)). An 
alternative and arguably more appropriate method is the permutation test of Churchill 
& Doerge (1994) where the phenotypic data are randomly shuffled with respect to the 
genotypic data to break down the association between phenotype and genotype. 
Repeating this procedure over a large number of replicates (e.g. 1000), results in a 
test statistic under the null hypothesis of no association between phenotypic and 
genotypic data. Ordering the maximum TS from the replicates and taking the 95 and 
99 percentiles produces the thresholds for P<0.05 and P<0.01. The advantage of this 
method to determine the threshold for QTL detection is that the threshold is 
generated under the null hypothesis specific to the data set used. The distribution of 
phenotypic measurements, marker densities, and number of linkage groups analysed 
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are all specific to the data set in question. As a result of the computation time required 
to estimate empirical thresholds using the permutation test of Churchill & Doerge 
(1994) for the separate traits recorded in this study, the empirical thresholds were 
estimated using the method previously described by Andersson et al. (1994). 
The results obtained from analysis of all data sets using the X-linked multiple 
regression method show maximum TS were greater than the estimated empirical 
threshold for P<0.01. The likelihood curve for 10 week weight data shows the TS 
along the entire X-chromosome surpasses the significance threshold of 15.5 (P<0.01), 
indicating all markers show a significant association with the QTL. This occurs as a 
result of recombination events not being sufficient to break down the association 
between the QTL of large effect and all markers on the X-chromosome in all 
individuals. The thresholds for QTL detection are important to prevent type I and 
type II errors. The QTL mapping results presented in this chapter, however, provide 
convincing evidence of a QTL of large effect on the X-chromosome. The maximum 
TS of 112.4 reached for the analysis of 10 week weight data indicates the X-linked 
QTL was very highly significant. 
From the shape of the likelihood curve using the model fitting one QTL in analysis of 
10 week weight data, it was thought unlikely that analysis using the two QTL vs. a 
single QTL model would show a significant change in TS. The analysis using the two 
QTL model did not result in a significant change (P>0. 10) in the TS at any position 
other than the peak at 23cM. The results suggest a single QTL of large effect 
contributing to the X-linked body weight effect at 10 weeks, and inspection of the 
shape of the likelihood curves obtained for other body weight measurements do not 
indicate greater than one QTL. However, we are unable to eliminate the possibility 
that the X-linked effect is controlled by two (or more) closely linked QTL within the 
12cM 99% confidence interval. The inability to distinguish between closely linked loci 
occurs as a result of recombination events which are insufficient to break down the 
association between closely linked loci. The lack of recombination is further 
exacerbated on the X-chromosome as recombination only occurs in the F 1 females. 
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Further experimentation would be needed to resolve the CI further and enable the 
number of loci to be determined without doubt. 
Confidence intervals for QTL positions 
Comparison of the estimated QTL positions for the three body weight measurements 
and three body weight gains suggest that the most likely position of the QTL is at 
approximately 23cM from the most proximal marker (approximately 3cM distal from 
marker DXLvI00 at 19.8cM). The 10 week weight data set suggest the estimated 
95% confidence interval for this position using the equivalent to a one LOD-drop off 
support interval (a 4.6 drop in the TS) is 8cM, and the 99% Cl (9.2 TS drop) is 12cM 
(Figure 6.1c). 
The formulation of an effective confidence interval for QTL position is important for 
full interpretation of the results of QTL mapping. As outlined in section 2.2.3, the 
method of Visscher et al. (1996) using bootstrapping was very effective in the 
formulation of CI for QTL position in a simulation study, being over stringent 
compared to the empirical CI for QTL position. The effectiveness of bootstrapping 
occurs as a result of information from the entire likelihood curve being used to 
produce the CI. This is particularly useful when the likelihood curve is multimodal. 
The results of a simulation study by Visscher etal. (1996) showed the LOD-drop off 
method (equivalent to P<0.05) for a population size of 200 individuals with simulated 
QTL with h2 of 0.01-0.1 gave CI that contained the QTL in 92-93% of simulations 
over 1000 replicates, and the corresponding bootstrap samples gave CI that contained 
the simulated QTL in 96-99% of simulations. The mean width of the CI were greater 
when using the bootstrap method compared to the LOD-drop off method. It should 
be noted that Visscher et al. (1996) used a drop in LOD score of 0.83 (which 
corresponds to a 95% Cl when the TS is distributed as a x2  with 1 degree of 
freedom), and it is possible that if a drop in LOD of one had been used the LOD-drop 
off method may have produced CI closer to the empirical 95% CI. Work by Visscher 
etal. (1996) and van Ooijen (1992) showed the LOD-drop off method was more 
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effective when the population size and h 2 are high, i.e. when the experimental power is 
high. 
Like the formulation of the estimated empirical thresholds for QTL detection, the 
bootstrap method is computationally demanding. The advantages of the bootstrapping 
method over the LOD-drop off method decline when the experimental power is high, 
and a smooth likelihood curve is obtained with a single well defined peak. The 
contribution of the X-linked QTL at 10 weeks is very large, contributing in excess of 
27% of the total phenotypic variation. The smooth shape of the single well defined 
peak obtained from the QTL analysis of the 10 week weight data suggests that the 
one LOD-drop off is appropriate to obtain a CI for QTL position. If the peak was less 
well defined, with greater than one peak, there may be a significant advantage in using 
the bootstrapping method to formulate a CI for QTL position. It should be noted that 
both the LOD-drop off method and the bootstrap method do not provide completely 
accurate 95% CI for QTL position. Therefore, whatever method is used, potential 
inaccuracies may occur in the estimated confidence interval. 
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6.4.6 Summary of Results 
The main findings of the F2X experiment set up with the objective of mapping QTL on 
the X-chromosome in the P6 lines were: 
The body weight measurements at 3, 6 and 10 weeks and growth periods between 
weight measurements indicate a QTL for body weight positioned at 23cM on the X-
chromosome. 
QTL analysis of all the body weight measurements suggest that an X-linked QTL 
affects body weight throughout the growth curve. 
Analysis of the data on 10 week weight shows the total additive effect of the X-
linked QTL is 2.6g in males and females, i.e. the QTL results in a total effect of 5.2g 
between the homozygote females and the hemizygote males, explaining approximately 
20% of the mean body weight. The estimated QTL effect at approximately 23cM 
appears to explain the entire X-linked effect in the P6 lines (section 2.3.4 and Chapter 
4). 
There was no significant evidence for dominance deviations in the females at this 
locus. 
The confidence interval for the QTL position at 10 weeks is estimated to be 8cM 
for a 95% CI and 12cM for a 99% CI. 
The estimated fat percentage data analysed by the X-linked multiple regression 




The progressive backcross population 
7.1 INTRODUCTION 
The analyses of the F 2X population using the non-inbred X-linked multiple regression 
method (Chapters 5 and 6) indicate the presence of a major QTL for body weight at 
approximately 23cM ± 4cM on the X-chromosome, with an estimated effect (the 
difference between the homozygous females and hemizygous males) of 5. 2g on 10 
week weight in both males and females. The F 2X population has provided valuable 
information on the size of the QTL effect and its position. 
As outlined in section 2.2.6, simulation studies have indicated that F 2 and BC, 
experimental designs, often employed in QTL mapping experiments, are unable to 
map QTL with great precision, largely due to genetic noise resulting from QTL 
elsewhere on the genome, and to a limited extent (when large population sizes are 
used) the lack of recombination events. Analytical methods for mapping QTL have 
been developed to remove genetic noise due to linked QTL and QTL on other 
chromosomes, by fitting multiple markers as cofactors in the analysis (section 2.2.2). 
These methods require segregating populations to be genotyped at markers spanning 
the entire genome in order to remove all background genetic noise. An experimental 
alternative to this analytical procedure (to remove noise due to QTL elsewhere in the 
genome) is to progressively backcross regions of the genome of interest onto an 
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inbred background. This experimental design was used in the progressive backcross 
population set up to map the X-linked QTL for body weight. 
The progressive backcross (BC) population was based on work carried out on 
Drosophila by Shrimpton and Robertson (1988a), where morphological markers were 
used to maintain specific regions of the third chromosome (C) in a progressive 
backcross population, producing several congenic lines. This experimental design is 
more powerful than a simple F 2  or BC, population, as the congenic lines can be 
assumed to be genetically identical in all regions of the genome unlinked to the 
congenic region of interest, thus removing noise due to unlinked QTL. The objective 
of the experiment described in this chapter was to backcross specific regions of the 
high line X-chromosome onto an inbred low line background. This experimental 
design results in the removal of body weight effects associated with the high line 
autosomes and the X-chromosome other than the maintained region. 
The progressive backcross population experimental design will be presented in this 
chapter; the data set over generations of backcrossing will be described and finally the 
results of analysis of the progressive backcross population will be shown. 
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7.2 MATERIALS AND METHODS 
7.2.1 DNA extraction and PCR amplification protocol 
Genomic DNA was extracted from spleen samples or ear clip samples (section 3.1). 
As described previously (section 3. 1), ear clips were taken as part of the standard 
procedure at weaning for identification purposes and therefore, DNA extraction from 
ear clip tissue samples precludes the need for additional procedures to obtain DNA. 
The DNA extracted from individuals in generation 3-5 of the progressive backcross 
used the streamlined procedure (section 3.1). 
The standard PCR amplification Protocol 1 (section 3.2) was used to genotype 
animals from BC generations 1-3. Genotyping of animals in the BC generations 4 and 
5 utilised the procedure described in Protocol 2 (section 3.2). 
7.2.2 The mating scheme for BC populations and summary of the data collected 
Females from generation 51 of selection of the P6 high line and males from the P6 
low inbred line, at generation 6 of inbreeding (set up at generation 45 of selection), 
were mated to produce an F 1 generation. All F 1 females were mated to inbred low line 
males (generation 7 of inbreeding) to form generation 1 of the progressive backcross 
population (BC,). Thereafter, all mating pairs and weaned animals were maintained as 
described in section 3.3. The numbers of litters and progeny generated are 
summarised in Table 7.1. 
In the first generation of backcrossing (BC 1) ear clip samples were taken from all 
individuals at weaning for DNA extraction. The parents of the BC 1 , and parents of the 
F 1  generation were killed by cervical dislocation, spleens were removed, placed in 
labelled screw top tubes and snap frozen in liquid nitrogen. Following DNA extraction 
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from all the parents and the BC, females, individuals were genotyped at 9 loci 
spanning the length of the X-chromosome (DXIvIit55, DX/vIiISO, DX2M1125, 
DXIvIitl6, DXIvII64, DXIvIit79, DXIvI08, DXIvIitl21, and DXIvIit3l). The genotypes 
were used to ascertain fully informative marker loci in the BC, females, where marker 
alleles could be traced unequivocally to the high selection line or the inbred low line. 
Female BC, individuals were selected to be dams of the BC generation 2, where the 
markers genotyped were fully informative. Figure 7.1 summarises the mating scheme 
of the BC population. 
The P6 inbred low line was maintained in parallel to the backcross population by frill 
sib mating to provide sires for the progressive BC population. Ear clip samples were 
taken from all inbred low line males for DNA extraction. The inbred low line males 
were genotyped at all marker loci described above to enable selection of males 
carrying low line marker alleles only. 
P6 high line (gen 45) x P6 low inbred (P6 LI) (gen 6) 
LI 
F 1 xP6LI(gen7) 
LI 
BC, x P6LI(gen 8) 
LI 
BC2 x P6LI(gen 9) 
LI 
BC3 x P6 LI (gen 10) 
LI 
etc. 
Figure 7.1 The mating scheme for the BC population, showing the progressive 
backcrossing of selected BC females to P6 inbred low line males. 
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The objective of the mating scheme was to maintain specific segments of the high line 
X-chromosome in a heterozygous state in the BC population dams (using markers 
spanning the length of the X-chromosome). An example of the conservation of an X-
chromosome segment is shown in Figure 7.2. Using the example of the marker 
segment illustrated in Figure 7.2 (maintaining marker B, C, and D from the high 
selection line), and assuming no double crossovers between flanking markers, the 
chromosome segment between marker B and D would be inherited from the high 
selection line, and marker alleles a and e inherited from the inbred low line. The 
percentage high line X-chromosome between the markers a and B, and D and e, will 
tend to decline with each generation of backcrossing. 
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I 	I 	I 	I 	I 
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I 	 I 	I 	I 
I 	I 	I 	I 	I 
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4 a 	b 	c 	d 	e 
I 	I 	I 	I 	I 
5a 	B 	C d 	e 


















6a 	B C D e 
I 	I 	I 	L 	I 
Marker alleles B, C, and D were inherited from the high selection line, and markers a, 
b, c, d, and e from the inbred low line. The female progeny number 3 would be 
retained for breeding in the next generation to maintain high line marker alleles B, C, 
and D on the inbred low line background. 
Figure 7.2 An example of the maintenance of a high line X-chromosome segment on 
the inbred low line background, showing a BCn female mated to an inbred low line 
male, and some examples of the possible BC,,, 1  progeny 
The mating scheme was designed to establish a number of lines (illustrated in Figure 
7.3) carrying overlapping segments of the X-chromosome inherited from the high 
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selection line, carried on the genetic background of the inbred low line. It should be 
noted that uniform segments were not obtained until later generations. As described 
above, all BC females were genotyped at 9 microsatellite loci on the X-chromosome. 
Unfortunately the marker loci DXLVIEt64 was found to be uninformative from 
generation BC2 onwards, leaving 8 markers used to maintain segments of the X-
























Figure 7.3 Illustration of the objective of the backcross experiment, to establish seven 
backcross lines with high line X-chromosome segments maintained by eight X-linked 
Mit markers. The bold lines represent regions of the X-chromosome inherited from 
the high selection line on an inbred low line background. The marker map positions 
shown were those estimated in the F 2X population (Chapter 6). 
In BC generations 3, the marker DXA'111187 at 12.2cM on the X-chromosome was 
added to the panel of 8 markers used previously (Figure 7.3). This marker 
(DX!V11t187) was found to be fully informative in the BC pedigree, where all marker 
alleles could be traced unequivocally to the high or low line. 
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Table 7.1 A summary of the numbers of successful matings and individuals weaned in 
each generation of the backcross population. The traits recorded are also shown. 
Generation No. Males Females 
Litters No. weaned 6 wk 10 wk No. weaned 6 wk 10 wk 
wt wt wt wt 
F 1 5 19 V 23 V 
BC, 15 62 V V 84 V V 
BC2 11 - - - 57 V 
BC3 14 90 V 87 V V 
BC4 17 96 V V 83 V V 
BC 5 22 123 V V 112 V V 
DNA available, but no genotypes recorded 
As summarised in Table 7. 1, tissue samples were taken from all individuals in the BC 
pedigree, with the exception of males in BC generation 2 (these animals were killed at 
weaning). Data on 6 week weight was collected for all individuals weaned in the BC 
population, and body weight at 10 week weight was recorded for all individuals in the 
pedigree with the exception ofF 1 individuals and females in the BC2 generation. 
7.2.3 Preliminary analysis of the Backcross generations 
Single marker analysis 
A single marker analysis was carried out to infer associations between the marker loci 
genotyped in the BC population and the 6 and 10 week weight data. Data were 
analysed for each generation separately and each marker was fitted in the model in 
turn. 
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The data were analysed by Genstat 5.3 (Genstat 5 Committee, 1993) using the model: 
Yukhfl=.t+ S I +DJ +3.Wjk +GI +eiJu 
	 (1) 
where: 
= the observations of 6 and 10 week weights on the mth individual 
= overall mean 
Si = fixed effect of the ith sex 
Dj = random common environmental effect associated with thejth dam 
= the linear regression coefficient of Y on the number weaned (Wk) from the kth 
parity litter of thejth dam 
G1 = fixed effect of the lth marker genotype (n = 0 or 1 in males and 0 or 2 in females, 
where 0 are low line genotypes, 1 is the male hemizygous high line genotype, and 2 is 
the female heterozygous genotype) 
eijklm = the residual error associated with the mth individual 
This model enables the effects associated a high line marker allele (in a hemizygous 
state in males, and heterozygous state in females) to be estimated, compared to the 
hemizygous or homozygous low line marker allele in males and females respectively. 
The estimates obtained represent 2a in males and a+d in females. 
Segment analysis 
In addition to the single marker analysis outlined above, a segment analysis was 
carried out to estimate the effect associated with carrying a specific segment of the 
high line X-chromosome flanked by known marker loci (for examples of these 
'segments' see Figure 7.3). The numbers of individuals carrying each segment were 
low within each generation, because uniform segments were not established until the 
final generation of the BC population. To increase the numbers of individuals within 
each segment group, information from generations 3, 4, and 5 of the BC population 
was combined. To attempt to account for changes in body weight observed over the 
generations analysed (see Table 7.2), a fixed effect of generation was fitted. The data 
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were analysed in Genstat 5.3 (Genstat 5 Committee, 1993) using the model outlined 
below, 
Yijklmn = Il + S i + Dj + f3.Wk + SEG + GN1 + 	 (2) 
where: 
Yijunln = the observations of 6 or 10 week weights on the mth individual 
= overall mean 
S i = fixed effect of the ith sex 
Dj  random common environmental effect associated with jth dam 
13 = the linear regression coefficient of Y on the number weaned (Wk) from the kth 
parity litter of thejth dam 
SEG = fixed effect of the nth segment 
GN1 = fixed effect of the lth generation of origin 
ejj , = the residual error associated with the mth individual 
7.2.4 Analysis of the Backcross population using all pedigree information 
The objective of analysing data from the BC population is to obtain an estimate for 
the X-linked QTL position and the size of effect associated with the QTL. This will 
provide independent estimates to those already obtained from the analysis of the F 2X 
population (Chapter 6). In the F 2X population X-linked QTL of small effect may have 
been masked by the QTL of large effect estimated at 23cM ± 4cM. The design of the 
BC experiment should allow QTL (of small effect) elsewhere on the X-chromosome 
to be mapped, providing estimates of QTL position and size of effect. 
To enable all the information collected through the pedigree to be included in the 
analysis, the pedigree structure of the population must be accounted for. In the QTL 
analysis of an F 2 or a simple first generation backcross population, using ML or 
multiple regression methods (see section 2.2.2), we assume the parental genotypes are 
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known, i.e. we assume the founder lines to be fixed at different QTL alleles, and all 
the F 1  parents are heterozygous at the QTL. As a result of this assumption, we can 
consider all the F 2  and first generation backcross individuals independently. The 
pedigree structure of the progressive BC population means all animals cannot be 
considered to be independent (with the exception of animals within the first 
generation of backcrossing). The individuals within generations are dependant on 
common ancestors in previous generations (resulting in dependencies across 
generations), and individuals from different litters may have ancestors in common in 
the previous generation (leading to dependencies within generations). 
The basic methodology for QTL mapping is to sum over all possible genotypes, at all 
loci consistent with the observed data within the population. For a simple F 2 or first 
generation backcross population this can be done one individual at a time (as all 
animals are independent). In more complex pedigree structures (e.g. the pedigree 
structure of the progressive backcross population) multiple individuals must be 
considered at once. Analysis of the progressive BC population using a Markov chain 
Monte Carlo (MCMC, see Metropolis et al., 1953 and Hastings, 1970) sampling 
approach enables the genetic configuration of the BC pedigree to be accounted for. 
Gibbs sampling (a special case of MCMC, see Geman & Geman, 1988) was used to 
produce estimates of the QTL positions and effects. The estimates of QTL positions 
and effects were obtained from the joint posterior distribution. The joint posterior 
distribution for the parameter vector 0 and the data Y is defined: 
A 0 , Y) = f(Y10) xf(0), 
or 	joint posterior distribution = likelihood x prior. 
Uniform priors were used for all QTL effects and QTL positions so that the posterior 
distributions are proportional to the likelihood functions. The fl.ill conditional 
posterior distribution of a given model parameter (the posterior distribution of the 
parameter conditional on all other parameters in the model) is then used to obtain an 
estimate for the parameter in question. 
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The model used in the analysis was: 
Yijklm = j.i + a + Dj  + Pk  + 13 1 .Wik + QTL1 , + 13 2 .HJ  + 
where - 
Yijklm = the observations of 6 and 10 week weights on the mth individual 
overall mean 
a = polygenic component (representing the breeding value) 
Dj  = random common environmental effect associated with thejth dam 
Pk = the fixed effect of the kth parity litter 
13i = the linear regression coefficient of Y on the number weaned (Wk) from the /cth 
parity litter of thejth dam 
QTL 1 , = fixed effect of the /th genotype nested within the ith sex 
02 =  the linear regression coefficient of Y on the percentage of high line genotype (H i) 
of individuals with thejth dam (this covariate is used to account for the changes in the 
means and variances of body weight due to the changing percentage of high line 
autosomal loci, see section 7.3. 1) 
= the residual error associated with the mth individual 
Using the model described above, the Gibbs sampler is used to sample all unknown 
variables (e.g. the QTL effects, positions, and frequencies) from their full conditional 
distributions (conditional on all other parameters in the model). To illustrate the basic 
methodology of Gibbs sampling, consider the following example of three variables in 
a joint density f(x, y, z), the marginal distributions of X, Y, Z are required with 
densities f(x), f(y), and f(z) respectively. Let (x o, yo, z 0) represent an arbitrary set of 
starting values for the three random variables, then the Gibbs sampler proceeds as 
follows. The first sample is: 
x1 from f(xI Y = yo, Z = z0), 
where f(xI Y = Yo, Z = z0) is the conditional distribution of X given Y= yo and Z = z o . 
The second sample is: 
yj from f (yJ X = x 1 , Z = z o), 
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note that we condition now on x 1 not x0. The third sample is: 
zj from f(zI X = x1,Y = yj), 
now conditional on both x 1 and yj. This process of three sampling steps constitutes 
the first iteration of a Gibbs sampler. The second step of the Gibbs sampler will start: 
x2 from f(xI Y=yj,Z=zj), 
where f(xI Y = yj, Z = z 1 ) is the conditional distribution of X given Y= yj, and Z = 
and so on. This process is repeated t times, where 1 is known as the length of the 
Gibbs sequence. In this study, the Gibbs sampler was run for I = 40,000 cycles. 
The genotypes (i.e. at QTL and missing marker genotypes) for all individuals were 
sampled for each locus in turn conditional on the marker observations, the trait values, 
the model parameters, and the genotypes at other loci. In the sampling of genotypes 
of individuals, the genotypes were updated for all individuals at a given locus 
simultaneously (Kong, 1991). This method speeds up the mixing of the chain. Mixing 
is an intuitive term used to describe how well the Gibbs sampler is working. For the 
parameter estimates to be accurate, realisations from the Gibbs sampler must be taken 
from the stationary posterior distribution of each parameter, where mixing of the 
chain describes how efficiently the sampler is moving around the sample space. By 
speeding up the mixing of the chain, the number of cycles of the Gibbs sampler 
required, is reduced. The analysis described above was used to produce estimates of 
the posterior distributions of QTL positions and effects. The Gibbs sampling was 
carried out by Dr S. C. Heath using a method specifically modified to allow analysis 
of X-linked loci (a derivation of the methods described in Heath (1995)). 
The confidence intervals for the QTL positions were obtained from the 4 x standard 
error (s. e.) of the mean position as proposed by Darvasi et aL (1993). 
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7.3 RESULTS 
7.3.1 Changes in the distribution of traits measured over the generations of 
backcrossing 
To illustrate the distribution of the body weight traits measured in the BC population, 
means and variances were calculated for each generation (Table 7.2). The data were 
corrected for the fixed effects and covariates fitted in model 1 (section 7.2.3), with 
exception of the fixed effect of marker genotype. The estimates obtained show that 
the mean 6 week and 10 week body weights decline with each generation of 
backcrossing to the inbred low line, with the exception of the estimates obtained for 
BC2 (in this generation the 6 week weights were available only on females). The 
reduction in mean body weight is associated with a reduction in the variance of the 
body weight measurement. This observation is expected, as the decrease in the mean 
and the variance of body weight occurs as the percentage contribution of high line 
autosomal linked QTL for body weight decline by an average of 50 percent with each 
generation of backcrossing; such that in the BC 5 generation, individuals carry on 
average 1.56% high line auto somal alleles. 
The data presented in Table 7.2 also show that mean litter size declines with each 
generation of backcrossing to the inbred low line. Brien et al. (1984), Beniwal et al. 
(1993) and Mbaga (1996) have investigated the correlated responses in litter size 
which occurred as a result of divergent selection for fat free body mass in the P lines. 
The correlated responses showed the mean difference observed between the high and 
low selection lines were approximately 5.4 pups born per litter in the P6 lines at 
generation 50 of selection (Mbaga, 1996). As the contribution of the low line genes in 
the BC females increases, the mean litter size would be expected to decline. 
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Table 7.2 Changes in the means and variances of 6 and 10 week body weights over 
the BC generations (corrected for the fixed effects and covariates in model 1 section 
7.2.3, with the exception of the fixed effect of marker genotype). The mean litter sizes 
are shown for each BC generation. 
Generation Litter size 6 week weight (g) 10 week weight (g) 
Mean 	Variance Mean 	Variance 
F 1 8.95 25.04 5.29 - - 
BC, 9.09 18.38 5.26 22.10 6.69 
BC2 8.11 15.09 1.33 - - 
BC3 6.92 18.18 4.01 22.67 5.67 
BC4 5.98 17.61 3.09 21.49 4.90 
BC5 5.89 17.28 3.10 21.31 3.97 
7.3.2 The preliminary analysis of the Backcross population 
To investigate the QTL effects associated with the marker loci maintained in the BC 
population, a single marker analysis was carried out in each generation of the 
progressive backcross population. The results give an indication of the X-linked QTL 
position and the size of its effect. In the BC population, markers closely linked to the 
QTL would provide the highest estimated marker associated QTL effects. As 
recombinations break down linkage between the QTL and the markers along the 
chromosome, the estimated marker-QTL effects would decline and standard errors 
associated with the estimates would increase. 
The results presented in Figure 7.4 show the changing marker associated QTL effects 
along the chromosome estimated in the males and females from generations 3, 4 and 5 
of the BC population. The results are presented for the final three generations only, as 
the numbers of individuals with frill information (trait and genotypic data) were 
limited in the initial generation of the BC population. 
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Figure 7.4 The marker associated QTL effects at 10 weeks in males and females in the 
backcross generations 3, 4 and 5. The male effects show the difference between the 
two hemizygous marker genotypes and the female effects show the difference 
between the homozygous low and heterozygous marker genotypes. The error bars 
represent the standard errors associated with the estimates. 
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From the single marker analysis in generations 3, 4, and 5 of the backcross population 
the highest marker associated QTL effects were associated with the markers at the 
proximal end of the X-chromosome. The highest estimates were found at markers 
DXA'111187, DXIvIi50 and DXLvIit25, at 12.2cM, 19.8cM and 33.7cM respectively. In 
all generations, the estimates in males were larger than in females. In the marker 
region DXJvIIIJ87 to DXLvIit25 the estimated marker associated QTL effects in males 
were approximately twice the estimates in females, such that the marker associated 
QTL effects (g) atDXIVIit5O were 2.92 (0.54) and 1.92 (0.58) in generation 3, 3.22 
(0.62) and 1.32 (0.71) in generation 4, and 3.38 (0.44) and 1.56 (0:45) in generation 5 
in the males and females respectively (standard errors of estimates shown in 
parenthesis). 
In the BC 5 generation, the marker associated QTL effects were highest between 
DXIvIitl8 7 and DXMiI25, and these markers were associated with the lowest standard 
errors. The estimated effects declined towards the distal end of the X-chromosome in 
BC5 , where estimates were negative in males and females but not significantly 
different from zero (P>0.05 using a Student t-test). 
The results of the segment analysis (model 2) for 10 week weight are shown in Table 
7.3. The objective of this analysis was to estimate the effects associated with carrying 
specific segments of the high line X-chromosome on an inbred low line background. 
The segment estimates represent the difference between the two hemizygous 
genotypes in males (2a) and the difference between the homozygous low and 
heterozygous genotypes in females (a+d). 
In males, the marker segments at the most distal end of the X-chromosome (between 
DXLVIItJ6 and DXLvIII31) were associated with small or negative estimates (these 
estimates were not significantly different from zero P>0.05). The estimated effects 
associated with the markers at the most proximal end of the X-chromosome (between 
DXPvuit55 and DXA'Iitló) were significantly different from zero (P<0.05), and 
explained approximately 4g of the difference in mean body weight between the two 
hemizygote segment groups in males. The estimated effect associated with the marker 
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segment 7 (DXJVIEt55 to DXJVIEIJ87) was not significantly different from zero. The 
same trends are shown in the females from the BC generations 3, 4, and 5, although 
the estimated effects were approximately half of the estimates in males. Similar trends 
can be seen in the estimates associated with segments at 6 weeks (data not shown). It 
should be noted that the origin of the segments of X-chromosome between high and 
low line markers (i.e. where there has been a recombination event) are not known, but 
with each generation of backcrossing the percentage of high line X-chromosome 
between these markers will tend to decline. 
Table 7.3 The mean effect (g) for 10 week weight associated with segments of the X-
chromosome in males and females from generations 3, 4 and 5 of the progressive 
backcross population (standard errors shown in parenthesis). The ticks represent 
markers which can be traced unequivocally to the high selection line, and the 
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the segment label, enabling segments to be referred to easily, e.g. segment 1 refers 
to the marker segment DXA'111121 to DX!v1i13 I 
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The estimates obtained from the segment analysis suggest that the distal end of the X-
chromosome (marker DXi'V11t16 to DXIvht3l) is not associated with a QTL for body 
weight, but there is a significant association between the proximal end of the X-
chromosome and body weight at 6 and 10 weeks (between markers DXMit5O to 
DXMII25). 
7.3.3 Gibbs sampling of the Backcross population using all information through 
the pedigree to estimate QTL position(s) and effects 
In order to use all information from the BC population, data were analysed using a 
Gibbs sampling method (section 7.2.4). The results presented in Figure 7.5 show the 
estimated marginal posterior distribution of the QTL position, using the prior that the 
QTL position was uniform for the whole X-chromosome, i.e. the probability of the 
QTL position was equal for all positions on the X-chromosome. The distribution was 
obtained from the frequency at which the QTL was estimated at each position along 
the chromosome. The plot shows only the region of the X-chromosome of 21cM to 
32cM, as the probability of the QTL in all section outside this area were effectively 
zero. The mean estimated QTL positions were 25.4cM with an estimated 95% 
confidence interval of± 2.8cM for 10 week weight, and 26.9cM ± 3.0cM for 6 week 
weight. The estimated QTL positions provide strong evidence that the QTL is 
positioned within the marker interval DXIvIit5O (19.8cM) to DXIt'11125 (33.7cM). The 
shape of the of the curves presented in Figure 7.5 indicate the posterior distributions 
(and therefore the likelihoods) for QTL positions are irregular and jagged in shape. It 
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Figure 7.5 The estimated marginal posterior distribution of the QTL position. Analysis 
was carried out using all pedigree information by Gibbs sampling. The nearest 
flanking markers are DXlVIit5O and DXM1t25 at 19.8cM and 33.7cM respectively. 
The mean QTL effects estimated using the Gibbs sampling method are presented in 
Table 7.4 (when the QTL effects were sampled at the mean estimated QTL position). 
The estimated marginal posterior distribution for QTL effects (Figure 7.6) show that 
the sampled QTL effects are normally distributed. The mean QTL effects (Table 7.4) 
indicate close agreement between the estimated QTL effects in males and females. If 
we assume no dominance in the females, the estimated QTL effects (representing the 
difference between the hemizygous males and 2(Aa-aa) in females) were 
approximately 3g at 6 weeks and 4g at 10 weeks in both males and females. These 
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Figure 7.6 The estimated marginal posterior distributions for the QTL effects 
associated with 10 week weight. The estimated effect in males represents the 
difference between the two hemizygous genotypes (2a), and in females the effect 
shows the difference between the homozygous low genotype and heterozygous 
genotype (a+d). 
Table 7.4 The estimated QTL effects associated with 6 week and 10 week weight 
obtained from the Gibbs sampling analysis (using the model outlined in section 7.2.4). 
Standard errors of estimates shown in parenthesis. 
Body weight 	D Estimated QTL effects (g) 
measurement 	 Males 	 Females 
a 	 aA 	 + 2(Aa-aa) 
6 week weight 	3.39 (0.22) 	1.44 (0.23) 	2.88 
10 week weight 	4.29 (0.23) 	1.81 (0.26) 	3.62 
D The estimated QTL effect are given as a deviation from the hemizygous low line 
genotype (a) in males, and homozgyote low genotype (aa) in females. 
2(Aaaa) represents the estimate of the total QTL effect (difference between the 











Assuming no difference between the male genotype group 'a' and the female 
genotype 'aa', the difference in body weight due to sex in the population is 
approximately 3.12g and 4.33g at 6 weeks and 10 weeks respectively. 
167 
7.4 DISCUSSION 
7.4.1 Changes in the distribution of the trait measurements through the BC 
generations 
To illustrate the changes in the distribution of the body weights measured in each 
generation of the BC population, the means and variances were calculated for 6 and 
1,0 week weights (corrected for the fixed effects and covariates in model 1 (section 
7.2.3) with the exception of the fixed effect of marker genotype). Correction of the 
data for the fitted effects removes variance due to sex and common environmental 
effects associated with litter. The estimated means and variances show (with the 
exception of the estimates for females in BC 2) that with each generation of 
backcrossing the mean and variance of the body weight declines. The decrease in 
mean body weight is expected, as the contribution of high line autosomal QTL 
influencing body weight is reduced by approximately 50 % in each generation. As 
shown in section 7.3.1, the decline in mean body weight is associated with a reduction 
in variance. Again, this occurs as a result of the increased percentage of autosomal 
QTL from the inbred low line with each generation of backcrossing. The variance 
associated with inbred lines is lower than in outbreeding populations, due to a 
decrease in the level of heterozygosity as a result of inbreeding. In backcross 
generations 3, 4, and 5, the variance declines with respect to the mean 10 week 
weight, and this is illustrated by the coefficients of variation associated with the mean 
body weight. The estimated CV were 10.5%, 10.3% and 9.4% in BC generations 3, 
4, and 5 respectively, which clearly shows a reduction in the variance associated with 
the mean body weights over the final generations of backcrossing. 
As described above, during the progressive backcross the reduction in the 
contribution of high line autosomal genes will be approximately 50% in each 
generation, such that at generation 5 of the BC, the contribution of high line QTL will 
be less than 2%. The mean body weight of the inbred low line at 6 weeks (corrected 
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for the fixed effects and covariates in model 1 (section 7.2.3) with the exception of 
the fixed effect of marker genotype) of approximately 14.2g with a variance of 2.18, 
is considerably lower than the estimated body weight at generation 5 of the backcross 
population (17.28g ± 3.10). The reduction in the mean body weight and particularly 
the variance of body weights may not be as rapid as expected, as segments of the high 
line X-chromosome were artificially maintained in each generation of backcrossing. 
This preserves the effects associated with the X-chromosome in the population, and 
consequently the decline in the mean and variance is retarded compared to the normal 
backcrossing situation. It should be noted that in the F 1 generation and the initial 
backcross generations there may be an increase in mean body weight due to heterosis, 
although the influence in the final generations will be negligible. 
7.4.2 Preliminary analysis of marker data within the BC generations 
To estimate the QTL effects associated with each marker maintained in the BC 
population, a single marker analysis was carried out in the BC generations 3, 4, and 5. 
The results presented are of the analysis of 10 week weight data. If we assume the 
QTL is additive (Veerkamp et aL, 1993; Chapter 6), the estimates in males (difference 
between the hemizygotes) would be approximately twice the estimates in females (the 
difference between the homozygote low and heterozygote genotypes). Comparison of 
the estimated marker associated QTL effects show that in all BC generations, as 
expected, the estimates in males are approximately twice the estimates in females. 
The marker associated QTL effects along the chromosome indicate that in all 
generations the highest estimates are at the proximal end of the X-chromosome. 
Concentrating on the estimates obtained in the BC 5 generations, the highest marker 
associated QTL effects are linked to markers DX!vIitl87, DXIvIit5O and DX.7v1it25 at 
12.2cM, 19.8cM and 33.7cM respectively. The difference between the hemizygous 
males and twice the difference between the heterozygous and homozygous low 
females, i.e. 2a (assuming no dominance in the females) were approximately 3g in 
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both sexes at the above mentioned markers. The marker associated estimates obtained 
in the BC 5  generation indicate the region between 12cM and 34cM is associated with 
the X-linked QTL. This suggests a wide region of the X-chromosome is associated 
with the QTL for body weight, as the estimated marker associated QTL effects do not 
show abrupt changes along the chromosome. The low variation in the estimated QTL 
effects along the chromosome are presumably due to covariances between the 
markers (and marker associated QTL effects) maintained in the BC population. The 
covariances occur as markers were maintained in pairs or groups of three or more in 
the backcrossing design. If single markers were maintained in the population, the 
estimates would probably show more abrupt changes in the estimated QTL effects. 
The results obtained from the segment analysis (Table 7.3) provide a clearer estimate 
of the QTL position. Estimating the effects associated with the marker segments 
prevents the over estimation of marker associated QTL effects due to covariances 
between the markers (and marker associated effects) seen in the single marker 
analysis. 
The estimated effects associated with segments along the chromosome, enable a 
single segment of interest to be isolated. As summarised in the results section, the 
estimates associated with segments at the most proximal end of the X-chromosome 
(markers DXIvIit]6 to DXIVIII3J) were not significantly different from zero in both 
males and females. At the proximal end of the X-chromosome markers DXA'1i155 to 
DX!vIitl6 (segments 4, 5, and 6), were associated with estimated effects of 
approximately 4g in males and between ig and 2g in females. The effects associated 
with the marker segments 3 and 4, indicate markers DXJVIEt5O to DXIvIit25 are 
associated with effects significantly different from zero, but the effects associated with 
the marker DXLvIitl 6 (segment 3) were not significantly different from zero. The 
marker segments 5 and 7 also show the X-linked QTL is associated with the markers 
DXIvII15O and DXvIit25 but not the markers DXA'1i155 and DXA'1it187 (segment 7). 
This information leads to the hypothesis that the X-linked QTL is associated with the 
marker interval DXMit5O to DXIvIit25, and that this segment of the X-chromosome 
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has a total effect (2a) of approximately 4g in males and females (assuming no 
dominance deviation in females). The results do not allow the conclusion that the X-
linked QTL is in the interval DXLvIit5O to DXLvIII25, as the points at which the 
recombination break points occurred in the intervals DXM1tJ8 7 to DXLVII (50. and 
DXLvIi125 to DXLvI1II6 are not known. To enable information from all individuals in 
the BC pedigree to be used to estimate the QTL position and effects, data were 
analysed using the Gibbs sampling based method (section 7.2.4) by Dr S. C. Heath. 
7.4.3 Analysis of the BC population using Gibbs sampling 
The BC population was analysed using Gibbs sampling (which takes account of the 
pedigree structure of the population), and this enabled the information collected from 
all generations of the BC population to be combined to estimate the QTL position and 
effects. The results presented in Figure 7.5 show the estimated marginal posterior 
distribution of the QTL position on the X-chromosome for 6 week and 10 week 
weight data. The frequency at which QTL were sampled outside the interval 21cM to 
32cM were close to zero, and this provides convincing evidence that the QTL is 
positioned in the marker interval DXLvIII50 to DX1v11t25, and suggests that there is no 
evidence for a second QTL elsewhere on the X-chromosome. The estimated positions 
of the QTL (± 95% CI) for 6 week weight and 10 week weight within this interval 
were 25.4cM ± 2.8cM and 26.9cM ± 3.0cM respectively. The positions estimated for 
the two body weight measurement show overlapping CI for the QTL position, with 
the estimated position obtained for 6 week weight being slightly more distal to the 
estimated position for 10 week weight. There is no obvious explanation why there is a 
shift in estimated QTL position for the 6 week and 10 week weight, except that the 
information on 10 week weight was incomplete in the BC pedigree. The Gibbs 
sampling method is able to account for the incomplete 10 week weight data, but in the 
process of sampling 10 week weight, the shift in estimated position may have resulted. 
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The estimated effects associated with the X-linked QTL at 6 and 10 weeks are 
presented in Table 7.4. As described in section 7.3.3, the QTL effects presented were 
those obtained from the posterior distribution of the QTL effects sampled at the 
maximum estimated QTL position. However, it should be noted that these estimates 
were not significantly different from those obtained from the full conditional 
distribution for the QTL effect, where the estimates from the two distributions 
differed by less than 0.02g. The QTL effect in males (the difference between the two 
hemizygous genotypes) were approximately 3.4g at 6 weeks, and 4.3g at 10 weeks. In 
females, assuming there is no dominance deviation, the estimated QTL effects (2(Aa-
aa)) were 2.9g and 3.6g at 6 weeks and 10 weeks respectively. Using the mean 
standard error associated with the estimates shown in Table 7.4 of approximately 
0.23, the estimated effects in females were significantly lower (P<0.05 using student t-
test) than the estimates in males. No firm conclusions can be drawn from this 
observation, as the estimated QTL effect in females assumes no dominance deviation. 
A small and non-significant dominance deviation could result in an underestimation 
(or overestimation) of the QTL effect calculated by the method described above. 
Despite the lower estimated QTL effects observed in females compared to males, the 
estimates do show the same trends in both sexes. However, when the estimated QTL 
effects in the two sexes are expressed as a percentage of the corresponding mean 
body weight (corrected for the fixed effects and covariates in model 2, with the 
exception of the fixed effect of segment), the QTL effects both explain 18% to 19% 
of the total mean body weights in both males and females. 
In summary, the results of analysis of the BC population provide very strong evidence 
for a QTL of large effect (approximately 18% to 19% of the mean body weight at 6 
and 10 weeks) is situated in the marker interval DXIvIit5O to DX7vIit25, (19.8cM to 
33.7cM). The estimated QTL effects are of equal magnitude to the estimated QTL 
effects presented in Chapter 6 (16% to 20% of the mean body weight) and appear to 
explain nearly all the X-linked effect in the P6 lines estimated previously (Hastings, 
1990; Hastings & Veerkamp, 1993; Chapter 4). The analysis of data collected in the 
BC population using Gibbs sampling showed no evidence of additional QTL 
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positioned elsewhere on the X-chromosome outside the marker interval DXIVIit50 to 
DXA'1i125. The estimated QTL position for the X-linked QTL at 10 weeks was 





8.1 General discussion of the estimated QTL positions and effects 
The objectives of this study were to provide molecular evidence for (one or more) X-
linked QTL for body weight initially described by Hastings (1990) in the P6 selection 
lines. Following conformation of the X-linked QTL, the objective of the project was 
to estimate the number of X-linked QTL of large effect, the size of their effects and 
their position(s). 
Brief summary of the OTL mapping results 
The preliminary study described in Chapter 4, (where body weight at 6 and 10 weeks 
was available for 195 F 2 animals, and genotypes were collected at seven microsatellite 
marker loci on the X-chromosome), provided strong evidence for a QTL of large 
effect on the X-chromosome. Unfortunately, parental DNA was not available to 
enable fully informative marker loci to be determined within litters; and as a result, 
data could not be easily analysed to enable QTL position and effect to be estimated. It 
was therefore decided that the F 2 experiment should be repeated with parental DNA 
retained to allow fully informative marker loci to be determined. 
In addition to body weight measurements, estimates of carcass fat percentage were 
calculated so that the contribution of the X-linked QTL for body weight to fat 
deposition could be estimated. In the repeated F 2 experiment (the F 2X population) the 
334 animals were genotyped at 13 marker loci spanning the length of the X- 
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chromosome (genotypes of the parents allowed fully informative marker loci to be 
determined). 
Analysis of the marker and trait data by the non-inbred X-linked multiple regression 
method (Chapter 5) showed a single well defined peak in the likelihood curve (at 
approximately 23cM) for all body weights analysed. The multiple regression analysis 
of 10 week weight data provided very strong evidence for a single X-linked QTL 
(±s.e.) at approximately 23 ± 2cM in the marker interval DXA'1it50 to DXMiI46 (at 
19.8cM and 30.4cM receptively). The estimated QTL effects associated with the 10 
week weight data (the difference between the two hemizygote genotypes in males and 
the two homozygote genotypes in females), were 5.2g (mean s.e. 0.38) in males and 
females. There was no significant dominance deviation estimated in females. The QTL 
analysis of the estimated carcass fat percentage data did not indicate an X-linked QTL 
influencing fat deposition. 
In Chapter 7 the progressive backcross (BC) population was described. The objective 
of the BC population was to backcross specific regions of the P6 high selection line 
X-chromosome onto the P6 inbred low line background. This was achieved over five 
generations of backcrossing using nine microsatellite markers spanning the length of 
the X-chromosome. Analysis of this data set by RE1\4L in Genstat 5.3 (Genstat 5 
Committee, 1993) using a segment analysis (section 7.2.3) and by Gibbs sampling 
(section 7.2.4) both provided convincing evidence for a single QTL situated in the 
marker interval DXLvIit50 to DXM1t25 (19.8cM to 33.7cM). There was no evidence 
for X-linked QTL outside the marker interval DXIvIit50 to DXIk[i125. The Gibbs 
sampling method estimated the QTL position (±s.e.) at 25.4cM ± 1.43cM with a total 
effect of approximately 4.3g (s.e. 0.23) at 10 weeks in males, the estimated effect in 
females was approximately 3.6g assuming no dominance deviation. 
175 
8.1.1 The estimated QTL position 
The three experiments summarised above provide conclusive molecular evidence for 
an X-linked QTL for body weight. Evidence from the F 2X and progressive BC 
populations both indicate a single QTL of large effect. The estimated QTL positions 
obtained in the F 2X population and the progressive BC population were in good 
agreement. Figure 8.1 shows the estimated position obtained from the F 2X and the 
progressive backcross populations for 6 and 10 week weight. The estimated positions 
in the F2X population are closer to marker DXIvIit5O and have wider CI for the QTL 
position than those estimated in the progressive BC population. This is as expected, 
for the size of the progressive BC population was larger, and provided greater 
opportunity for recombination events. It should be noted that in the F 2X population 
marker data were available on the additional marker DX/vIit46 (positioned at 30.4cM 
in the marker interval DX/vIit5O to DXI'V11t25), and this may have accounted for the 
difference in the estimated QTL positions in the two populations. Despite this fact, 
when the F 2X population data was analysed excluding the DX1V11146 data the 
likelihood curve indicated the same estimated QTL position (at 23cM) for 10 week 
weight. 
The progressive BC population provided a powerful method to test for QTL 
elsewhere on the X-chromosome (as covariances in marker associated QTL effects 
are broken down by the experimental mating design). Analysis of the progressive BC 
population by Gibbs sampling (section 7.2.4) indicated no QTL (with effect large 
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Figure 8.1 Illustration of the QTL positions and 95% CI estimated for 6 and 10 week 
weight data in the F 2X population and progressive BC population, (a) progressive BC 
population 6 week weight, (b) progressive BC population 10 week weight, (c) F 2X 
population 6 week weight, and (d) F 2X population 10 week weight 
In summary, the evidence from the analysis of the F 2X population and the progressive 
BC population provide strong support for the hypothesis of a single X-linked QTL (or 
a number of very closely linked QTL) positioned in the marker interval DX!vIit5O to 
DXA'11t25. Pooling the estimates for the QTL positions obtained in the two 
populations by scaling the estimates by the variance, the estimated QTL position 
(±s.e.) was 24.6 ±1.15 cM for 10 week weight and 25.8 ± 1.29cM for 6 week weight. 
It should be noted that the QTL positions were estimated using two different methods 
in the two experiments, using multiple regression (Chapter 5) in the F 2X population 
and by Gibbs sampling assuming uniform priors for the QTL parameters in the 
progressive backcross population. 
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8.1.2 The QTL effect associated with the X-chromosome 
Following the approximation of the QTL position, the size of the QTL effect 
(associated with the QTL between the markers DXIt'Iit5O and DXIvIit25) must be 
considered. The estimated effects in males (i.e. the total difference between the 
hemizygote male genotypes) will be used to consider the size of the X-linked effect, 
as the additive effect can be estimated in females from the BC population only by 
assuming no dominance. It should be noted that the results presented in Chapter 6 
provided strong evidence that the estimated QTL effect was of equal magnitude in 
males and females, and this supports previous investigations (Veerkamp et al., 1993) 
where segregation analysis indicated that the X-chromosome was associated with an 
additive effect. 
The X-linked QTL effects estimated in the F 2X population and the progressive BC 
population are summarised in Table 8.1 (the QTL estimates are shown in bold), where 
the effects in males are between 3.4g and 4.Og at 6 weeks and between 4.3g and 5.2g 
at 10 weeks (mean s.c. 0.2 - 0.3) in the BC population and F 2X population 
respectively. These estimates are in fairly close agreement. It should, however, be 
noted that the mean body weight of individuals from the two populations are very 
different (as a result of the different autosomal backgrounds). When the estimates are 
expressed as a percentage of the mean body weight, the QTL appears to have a very 
similar percentage contribution in both populations, which suggests the X-linked QTL 
has a multiplicative effect on mean body weight. 
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Table 8.1 Summary of estimated X-chromosome effects and estimated X-linked QTL 
effects in males, and the contributions to mean body weight expressed as a percentage 
of mean male body weight. The estimated QTL effects are shown in bold. 
Body 
weight (g) 
Source of data 
(method of estimation 
shown in parenthesis) 
Mean body 
weight (g) 
X-linked (QTL) effect (g) 
estimate 	percentage of 
mean body wt 
6 week 0 P6 lines Gen 31(F 1 ) 27.4 5.7 20.8 
Chapter 4(F i) 25.2 3.1 12.3 
Chapter 6(F i) 23.7 3.2 13.5 
Chapter 6 (Multiple reg.) 25.1 4.0 15.9 
Chapter 7 (Gibbs) 19.1 3.4 18.2 
10 week © P6 lines Gen 31(F 1) 33.2 6.8 20.5 
D P6 lines Gen 38 (F 1 ) 30.9 4.6 14.9 
Chapter 4(F i) 28.8 6.3 21.9 
Chapter 6 (Multiple reg.) 31.5 5.3 16.8 
Chapter 7 (Gibbs) 23.8 4.3 18.9 
@ from Hastings & Veerkamp (1993), 0 from Hastings (1990) 
F 1= X-chromosome effect estimated in an F 1 population using the model described in 
section 3.5, Multiple reg.= estimated QTL effects obtained by non-inbred X-linked 
multiple regression method (Chapter 5), and Gibbs = estimated effect obtained by 
Gibbs sampling (see section 7.2.4) 
As outlined above, the X-linked QTL appears to have an equal effect on mean body 
weight in both the F 2X and the progressive BC populations, but does the QTL 
account for the entire X-linked effect estimated from the F 1 populations? To answer 
this question, the estimated QTL effects in males were compared to the X-linked 
effects in the F 1 generations (from Hastings & Veerkamp, 1993; Hastings, 1990 and 
Chapters 4 and 6), expressed as a percentage of the mean F 1 male body weight. From 
the estimated X-linked effects in the F 1 generations (Table 8. 1), the estimated 
percentage effects at 6 weeks are between 12% and 21%, and at 10 weeks are 
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between 15% and 23% of the mean male body weight. The percentage influence of 
the QTL are in close agreement with the percentage contribution of the X-
chromosome estimated from the F 1  males. This indicates that the single X-linked QTL 
appears to explain almost the total contribution of the X-chromosome, increasing 
mean body weight by approximately 18%. 
Estimation of the X-linked effects in all three of the P-replicate lines by Hastings and 
Veerkamp (1993) provided convincing evidence that the X-linked effect was present 
in the base populations, rather than due to a mutations which occurred during the 
selection process. As described in section 2.3.2, the P-lines were derived from an F 1 
cross between two inbred lines (JU and CBA) which was crossed to an outbred 
population (CFLP) from the Carnworth Laboratory. The two inbred lines JTJ and 
CBA are still available, and therefore if we assume the QTL originates for a single 
line, a reciprocal F 1 population made between these two inbred lines would provide a 
simple test for the presence of the X-linked QTL. Investigating if the X-linked QTL 
originated for the outbred populations is more problematic as, if the population is still 
available, it is unlikely to resemble the original CFLP due to random drift. However, 
there are a number of inbred lines derived form the Carnworth Lab outbred 
population, e.g. CFW and CFCW. These lines could be used to test for the X-linked 
effect if the inbred lines failed to show the X-linked effect. 
8.1.3 Conclusions from the QTL mapping on the X-chromosome 
In conclusion, the evidence obtained in this study indicates a single QTL of large 
effect (or a number of very closely linked QTL) situated in the marker interval 
DX/vIit5O to DXIvIit25 on the X-chromosome. The estimated QTL positions (in the 
studies described) indicate the estimated QTL position (±s.e.) of 24.6 ± 1.15 cM for 
10 week weight. The single QTL has an additive effect, showing no significant 
dominance deviation in females. The magnitude of the QTL effects are equal in both 
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sexes, explaining approximately 18% of the mean body weight at 10 weeks, and this 
approximately explains the entire effect associated with the X-chromosome. 
8.2 The X-linked QTL for body weight and candidate loci 
As discussed in the previous section, experimental results (Chapters 6 and 7) show 
convincing evidence for a single QTL of large effect on the X-chromosome. This 
section will compare the findings presented in this study, with other loci mapped on 
the X-chromosome. 
In a study by Dragani et al. (1995) where two interspecific test-cross populations 
were made, HSB: female C3HJHe x Mspretus and male C57BL/6J; and ASB: female 
A/J x Mspretus and male C57BL/6J, linkage analysis showed a strong indication that 
a region of the genome important in determining quantitative variation in body weight 
at 40 weeks was present on the X-chromosome. Using composite interval mapping 
(Zeng, 1994), two complementary QTL were isolated on the X-chromosome in the 
HSB test-cross (Bwtl and Bwt2), together explaining 25.6% of the phenotypic 
variance. Linkage analysis of the ASB test-cross analysis suggested 3 QTL (Bwtl, 
Bwt2 and Bwt3) positioned on the X-chromosome explaining 24% of the phenotypic 
variance. The linkage analysis indicated the female groups (both ASB and HSB) did 
not show a significant association with putative QTL in the test-crosses. The Dragam 
et al. (1995) study provided evidence for X-linked QTL for body weight in males 
(Bwtl and Bwt2) supported by two independent test-cross populations. The authors 
suggest that the QTL (Bwtl and Bwt2) may have a recessive action (as there was no 
indication for the X-linked loci in the females). 
Comparison of the results obtained by Dragam etal. (1995) (isolating two body 
weight QTL in common to the two test-crosses) and results obtained in this study 
(isolation of one loci of large effect) are unable to provide conclusive evidence that 
the QTL mapped in the two studies are the same loci. In the study by Dragani et al. 
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(1995) the results indicate the QTL is recessive, being only detectable in the 
hemizygous males. In the study presented here, the QTL has an additive action 
(Chapter 6), having equal effect in males and females at 10 weeks (Chapters 6 and 7). 
It should be noted that in the Dragani etal. (1995) study, data were analysed by 
composite interval mapping, there was no mention of tailoring the analysis for X-
linked analysis, and the results obtained producing LOD scores between 3 and 7. As 
discussed in section 5.4.2, females do not provide as much power for X-linked QTL 
detection as males. The lack of evidence for the X-linked QTL in females may be a 
result of the lower contribution of females to the total power of X-linked QTL 
detection. Without access to the data, conclusions cannot be drawn to whether there 
was no significant indication of QTL in the females due to lower power, or the X-
linked QTL did not contribute to the mean body weight in the test-cross females. 
Comparison of the estimated QTL positions in the two studies show that the X-linked 
QTL mapped in this study (mapped to in the marker interval DX!v11150 to DXMit25 on 
the X-chromosome) and the QTL Bwtl mapped by Dragani et al. (1996) are both 
associated with the same chromosomal region. Markers DXIvIit5O and DXA'1it48 
(closely linked to Bwtl) have the same estimated Mit map position on the X-
chromosome (22.5cM). The estimated QTL effect at Bwtl is approximately 17% of 
the mean body weight in the HSB mice and 14% in the ASB mice. Although the mode 
of action of the QTL in the two studies are different (additive in this study and 
recessive in the Dragani etal. (1996) study), the map positions indicate Bwtl and the 
X-linked QTL in this study map to similar chromosomal regions. The origin of the 
body weight QTL in the same study is unlikely to be from common ancestors, as the 
X-linked QTL in the Dragani etal. (1996) study were derived from the Msprelus 
parental strains. It is clear that further investigation is needed before conclusion can be 
drawn to whether these QTL may be the same loci. The further investigations are 
likely to involve backcrosses between the Mspretus and P6 mouse lines, (as the QTL 
(Bwtl and Bwt2) were observed in males from both ASB and HSB test-cross 
populations, and therefore it is likely these QTL originate from the common dam 
genotype, Mspretus). Molecular investigation of the region associated with the X- 
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linked QTL in the two studies, could determine if the X-linked QTL (from the two 
mouse lines) segregating on different genetic backgrounds resulted in the recessive 
and additive QTL phenotypes. 
In addition to examining evidence for X-linked QTL influencing body weight isolated 
in other studies, candidate loci for the X-linked QTL for body weight were 
investigated. The Mouse Genome Database (1996) was used to search for candidate 
loci. The search was restricted to the region 10cM to 40cM (MGD map positions) 
using the following allele search types (the number of positive results are shown in 
parenthesis): 
• Endocrine defects, hormones, growth and obesity (0) 
• Enzymes (8) 
• Receptors (4) 
• Miscellaneous (2) 
From the positive results obtained, only two of loci detected could influence growth 
and body weight: 
	
30.0cM 	G6pdx Glucose-6-phosphate dehydrogenase-1 X-linked 
34.7cM 	Phk 	Phosphorylase kinase. 
G6pd is the first enzyme in the pentose phosphate pathway. The pentose phosphate 
pathway is a series of reactions with two purposes; the generation of NADPH for 
reductive biosynthesis and the formation of ribose-5-phosphate for synthesis of 
nucleotides (Stryer, 1981). The enzyme Phk is active in Glycogen metabolism (Stryer, 
1981). However, the MGD map positions for these enzymes do not fall within the 
marker interval DXIvIit5O to DXVIit25 (MGD positions 12.5cM and 28.0cM 
respectively). Therefore, if we assume the estimated QTL position is accurate, these 
loci are not suitable candidate loci. The Mouse Genome Informatics is constantly 
updated, therefore future investigation may provide suitable candidate loci. It may 
also be possible to isolate candidate loci by using the human/mouse genome 
comparative map. However, like the results presented above for the mouse genome 
search, no suitable loci have been isolated to date. 
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8.3 Future work 
The work described in this thesis has been able to isolate the X-linked QTL of large 
effect to the marker interval DXIvIit5O to DXM1t25. The future goals for the X-linked 
QTL project are to map genetically the QTL to a high resolution, thus providing 
conclusive evidence there is a single QTL for body weight present on the X-
chromosome. Fine resolution mapping will narrow the candidate region to a small 
genomic segment suitable for positional cloning. The ultimate objective would be to 
clone the X-linked gene, thus allowing molecular characterisation of the gene product, 
and enabling the role of the QTL in growth to be studied. 
The first step in the cloning of the X-linked QTL would be the fine resolution 
mapping of the QTL. The congenic lines produced in the progressive BC experiment 
(Chapter 7) provide an excellent genetic resource for fine mapping. Evidence 
summarised in section 8.1 indicate the QTL is positioned in the interval DXVIit5O to 
DXA'1it25. The congenic line carrying the high line X-chromosome segment DX!V11t5 0 
to DX!vIit25 on the inbred low line background will form the basis of the fine 
resolution mapping. 
Fine mapping of the X-linked QTL would be based on animals recombinant in the 
interval DXJ'vIit5O to DXMit25 and a progeny test of these animals (as non-genetic 
noise can be reduced through progeny testing). The fine mapping would be 
substantially dependant on the density of available markers. Investigations have shown 
that there are approximately six additional informative Mt markers in the interval 
DXMIt5O to DXIvIit25. Clearly an additional source of polymorphic markers would be 
needed to narrow the interval to less than 0.1cM. Another source of markers are 
Single-Stranded Conformation Polymorphism (SSCP) and Random Amplified 
Polymorphic DNA (RAPD). The SSCP, provide a powerful method to detect single 
base pair differences between the high and low line X-chromosome; and where 
sequence tagged sites are not available in the region, (i.e. a gap in the physical map) 
RAPDs could be developed. It is hoped that these two forms of markers would 
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provide a large number of informative marker loci on the X-chromosome to enable a 
dense map to be produced. 
The mating design used could be based on a backcross, using the females from the 
progressive BC population and males from the inbred low line. The progeny from this 
mating would be genotyped at the flanking markers to allow recombinants to be 
detected. The individuals recombinant for the region DXIvIit5O to DXLvIII25 (or 
possibly a further narrowed region) would be genotyped at additional markers to 
pinpoint the recombination break points. To allow the QTL to be isolated to within 
0.1cM, approximately 1000 animals would be required. 
AB 	x 	a b 
I 	 I  
I 	I 	I 
a b 
AB 	x 	a b 
I 	I•••_••, I 	I 	I 	I 	I 
I 	I 	I 
a b 
40 male progeny used in the progeny test 
A 	a 	A b 	 a  
I 	I 	I 	I 	I 	I 	I 	I 	 I 	I 	I 	I 	I 
Figure 8.2 Illustration of the mating design of the population proposed used to fine 
map the X-linked QTL, and the progeny test of animals. The flanking markers 
genotyped are Ala and B/b, (A and B from the high line, and a and b from the low 
line). Female progeny carrying the A allele would be used to produce a large number 
of males for a progeny test. 
If we assume preliminary analysis of the 1000 animals described above would enable 
the QTL to be isolated to within 5-10cM region, a subsequent progeny test would be 
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carried out for 50 to 100 families using the design illustrated in Figure 8.2. 
Preliminary analysis of data collected during the course of the experiment is likely to 
enable the progeny test (i.e. one litter from each of the recombinant females) to be 
limited to considerably less than 50 families. The progeny test would allow other traits 
to be investigated, e.g. body weight at weekly intervals, muscle fibre density, the 
distribution of muscle on the carcass, and fat percentage (although prior evidence 
from Chapter 6 indicated there was no significant contribution of carcass fat 
percentage to the X-linked QTL for body weight). 
Analysis of the data set generated from the large backcross population proposed will 
be dependant on whether it is possible to determine the QTL genotype of a given 
animal by a phenotypic measurement. To date it has not been possible to determine 
the QTL genotype by body weight measurements, but future investigation may allow 
this to be determined, e.g. by muscle fibre density, or the mass of specific muscle 
groups. If the QTL genotype of individuals remains unable to be determined, the 
analysis of data will be based on interval mapping (see section 2.2.2 and Chapter 5). If 
the QTL genotypes can be resolved, the experiment will be more powerful (alleviating 
the need for a progeny test) and the analysis will be based on simply isolating 
segregating marker loci in complete linkage with the QTL (i.e. by a simple linkage 
analysis). 
Once the QTL is fine mapped to approximately 0.1cM, YAC(s) containing the QTL 
can be identified from the physical map. 
Identifying the X-linked QTL and characterising the mode of action of the QTL will 
greatly increase knowledge regarding the control of the quantitative trait of body 
weight. In addition to the benefits which can be gained from greater understanding of 
the genetic control of body weight, there may be additional benefits to agriculture and 
human research (via the comparative mouse/human map project). Growth is of utmost 
importance in agricultural production systems, identification of a QTL for growth in 
commercial species would potentially have large economic benefits. Because the QTL 
for body weight mapped in this study is on the X-chromosome it is of particular 
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interest. As outlined in section 2.4.3, the genes on the X-chromosome are perhaps 
entirely conserved among mammals, and this provides the possibility of identification 
of loci influencing body weight in other mammalian species. 
8.4 General Discussion of QTL mapping in Animal Breeding 
This discussion will present a general overview of QTL mapping in the context of 
animal breeding. To date there have been a large number of experiments carried out to 
map QTL in the mouse (Collins et al., 1993; West etal., 1994; Das etal., 1996, 
Taylor & Phillips, 1996, York etal., 1996; Brockmann etal., 1996; Cheverud etal., 
1996) and to a more limited extent in commercial livestock species (Clamp et al., 
1992; Andersson et al., 1994; Larsen et al., 1995; Geldermann et al., 1996). These 
experiments have been successful in identifying areas of the genome associated with 
QTL and enabled statistical methods to be applied to experimental data. 
The methodology for mapping QTL (e.g. Lander & Botstein, 1989; Haley & Knott, 
1992) have been available for a number of years, and investigations into the relative 
power of different experimental designs have been extensive (Shrimpton & 
Robertson, 1988a,b; Lander & Botstein, 1989; Soller & Beckmann, 1990; Darvasi & 
Soller, 1992). Despite the wealth of literature published to allow the optimum power 
to be obtained from an experiment for a given level of expenditure, workers using 
mammalian species, still appear to implement blanket genotyping of the genome in 
moderate population sizes (i.e. only the investigation by Taylor & Phillips, 1996 
mentioned above used a specific time/cost saving experimental design - pooled 
genotyping). The results obtained produce low maximum test statistics and large Cl 
for the isolated QTL, and this may result in doubts regarding the repeatability of the 
results obtained. There is no doubt that the results published are valuable, particularly 
for driving the development of more effective statistical procedure. But while 
statistical methods are continuing to develop, the experimental designs used by 
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practical workers fail to implement the abundance of cost and time saving 
experimental designs. 
Over the past few years there has been a number of papers published showing QTL 
for traits important for commercial production effectively mapped to areas of the 
genome (in mice mapping body weight QTL: Collins etal. (1993), Das etal. (1996), 
Brockmann et al. (1996), Cheverud et al. (1996), and mapping loci influencing 
carcass fat percentage West et al. (1994), Taylor & Phillips (1996), York et al. 
(1996)), but how is the work proceeding? In my opinion, if the knowledge regarding 
the mechanisms controlling quantitative traits is to advance, workers must go further 
than showing broad areas of the genome are associated with QTL. If the experimental 
designs described in section 2.2.4, e.g. pooled genotyping (Wang & Paterson, 1994), 
selective genotyping (Lander & Bostein, 1989; Darvasi & Soller, 1992) and sequential 
sampling (Motro & Soller, 1993) were implemented to reduce the laboratory cost, 
and if large initial populations were used to map QTL, it may be possible to resolve 
QTL to narrow regions of the genome. QTL should be mapped with high maximum 
TS (i.e. P<0.001 for a genome wide scan) to regions of 10 - 15cM. These 
experiments should lead the way to attempt to clone QTL of large effect, i.e. 
approximately one phenotypic standard deviation (or more). These loci are likely to 
be few, but by concentrating on these loci, we will make a greater impact on 
increasing our knowledge of the mechanisms behind the control of quantitative traits 
than by producing many papers showing linkage to broad regions of the genome. 
After more than five years of mapping QTL using abundant molecular markers, 
workers must now strive to resolve QTL to narrow regions of the genome using 
novel experimental designs (e.g. lines congenic for the regions of interest). Mapping 
QTL to a high resolution will be costly and time consuming, but with collaboration 
between institutes (i.e. using specialist knowledge for experimental design and for 
analysis of data), I believe this is attainable. Hopefully in the next five years of 
research the QTL described in this study and other such loci of large effect, will be 
mapped to a high resolution and possibly cloned! 
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